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Introduction
Lightning is a natural hazardous event that strikes a civil aircraft once per 1500 hours
of ﬂight on average. The corresponding high and impulsive currents that may ﬂow along
the structure of the aircraft can generate physical constraints with major consequences
regarding safety. In particular, when a fastened assembly is crossed by a lightning current,
important electric ﬁelds and Joule power densities may give birth to a variety of discharge
phenomena. These discharges are particularly critical in fuel tanks, and diﬀerent lightning
protection technologies and certiﬁcation procedures are employed to face the sparking risk.
The technologies used to prevent or conﬁne discharges in assemblies increase the
weight, the operating cost and deteriorate the performances of an aircraft. There is
therefore a need for reliable designs and prediction capabilities for further optimisation of
protections.
The ignition mechanism for such discharges in assemblies is believed to be a conse-
quence of the lightning current circulation through the interfaces between the diﬀerent
parts. These contacts induce an electric resistance, called contact resistance, that concen-
trates most of the voltage diﬀerence and Joule power in very small volumes. Moreover,
it has been observed that at high current levels the contact resistances may vary on very
short time-scales, which may have important consequences on the current distribution in
the assemblies, and in the large scale aeronautic structures.
The physical reasons for the non-linearity of the contact resistances, and the related
discharge phenomena that have been observed are still open questions that have gained a
growing interest in the community of lightning strikes to aircraft. At Onera, unit FPA has
a long experience on this subject, and the non-linear response of aeronautic assemblies to
lightning strikes have been experimentally studied for years.
From a numerical point of view, unit FPA makes use of constant contact resistances
in 3D ﬁnite volume models. However, taking into account their non-linear evolution and
predicting the discharge ignition is a very complex challenge that requires studying into
details the physics in the contacts at the microscopic scale. A relevant approach is then
to derive a simple and fast non-linear contact model that could be used as an interface
model in 3D simulations, and that could bring new insights into the dynamics of assemblies
subject to lightning strikes conditions. The goal of this PhD project is to propose such a
model. The challenging issues are the following:
9
CONTENTS 10
• The micro-geometry of the contacts may be very complex, involving 3D fractal
geometries and very diﬀerent spatial scales.
• The physics of contacts under high current conditions involve very diﬀerent and
coupled physical phenomena, such as electrical, thermal and mechanical processes.
• The developed model has to be simple enough to be coupled with large scale simu-
lations of assemblies or aeronautic structures.
• Occurrence of discharge phenomena should be addressed by the model with out-
put parameters useful to deﬁne sparking thresholds in assemblies and evaluate the
constraints induced by such discharge.
• The model should rely on available input data for contacts in assemblies. These data
are limited and a model requiring for example an exact description of the surfaces'
micro-geometry would be hardly usable for practical applications.
The modelling strategy relies on a simpliﬁed description of a contact micro-geometry,
inspired by the numerous studies performed on contact resistances in the literature. Mod-
els that are used in other ﬁelds have to be extended and exceeded to the particular physics
of high and transient lightning currents.
Chapter 1 is dedicated to a general overview of lightning and atmospheric electricity,
before introducing brieﬂy the context of lightning strikes to aircraft and lightning pro-
tection. The particular threat related to sparking in aeronautic assemblies is presented,
and a discussion is conducted on the main experimental observations concerning electric
contacts under lightning currents. A general overview about the electric contact science
is presented, and the fundamental concept of a-spot" is introduced. Then the particular
physics taking place in contacts subject to high current values is discussed, and two dif-
ferent widely known processes are emphasized: the electro-migration, and the electronic
emission.
Chapter 2 is dedicated to the numerical study of a single a-spot contact. 2D axisym-
metric electrostatic simulations are performed, and a geometric simpliﬁcation for a-spots
is suggested. 2D thermo-electric simulations are then conducted to study into details
the dynamics of an a-spot subject to lightning current values. Important patterns in the
evolution of the a-spot, as the temperature increases and vaporization takes place, are
reported. A simple 0D thermo-electric model that gathers the relevant pieces of informa-
tion and turn them into hypotheses is proposed. This model is then compared with the
2D simulation results. Finally, the thermo-electric model is enriched with a mechanical
model to take into account the tightening forces in a contact.
Chapter 3 deals with contacts with many a-spots: multi-spot contacts". The in-
teraction mechanisms between the diﬀerent a-spots in a contact are emphasized. 3D
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electrostatic simulations are performed to study the electrostatic coupling between the
a-spots. Then electrodynamic and mechanical interactions are considered, and ﬁnally a
simple interaction model is retained. An example of the physical complexity taking place
in multi-spot contacts is illustrated considering a contact with two micro-peaks.
Chapter 4 raises the modelling of a realistic multi-spot contact. A Gaussian statistical
model for a surface micro-geometry is presented, and the inﬂuence of a tightening force
on the contact resistance is emphasized. Then, the dynamics of a realistic contact with a
large number of a-spots subject to a D-wave current is considered. Two diﬀerent cases are
given attention: The case of a contact with constant tightening distance, and the case of
a contact with constant tightening force. A parametric study is conducted for both cases
to quantify the eﬀect of the micro-geometry on the contact dynamics.
Chapter 5 addresses the modelling of the plasma discharges generated by the vaporiza-
tion of a-spots in a contact. A simple plasma model is presented, that relies on a plasma
expansion model in conﬁned media, and a Quotidian Equation Of State (QEOS) with a
conductivity model to compute the plasma properties. Then, the plasma model is used
on a single a-pot contact with a constant conﬁning pressure. The complex redistribution
of the lightning current from the a-spot to the plasma during vaporization is examined,
as well as the evolution of the plasma properties. Finally, plasma discharges in a constant
conﬁnement volume, representative of the internal gaps of an aeronautic assembly, have
been considered. A parametric study is conducted on the initial contact resistance, and
the ﬁnal volume of vaporized metal, plasma energy, and plasma pressure are looked at.

Chapter 1
Overview of lightning strike to aircraft
and sparking threat
In this chapter, we present a general overview of the processes leading to a lightning strike
and its interaction with an aircraft. We then discuss the certiﬁcation procedures related to
lightning stroke that aircraft manufacturers have to comply with, concerning particularly
the risk of sparking in fuel tanks areas. The key problematic of the dynamics of contact
resistances in aeronautical assemblies under lightning stroke conditions is introduced.
Finally, a state of the art is conducted on the electrical contact science as an introduction
to the models and methods of this study.
1.1 Overview of lightning strike to aircraft
1.1.1 Lightning and atmospheric electricity
Clouds can be considered as deviations from the normal conditions of the classical stratiﬁ-
cation of the atmosphere regarding the properties of the air, such as temperature, pressure
and humidity. In the classical atmosphere model, the standard conditions deﬁne these
time-averaged properties as functions of the altitude. The gradients observed are a con-
sequence of the long term sources that are basically gravity, the radiation received from
the sun and geothermal activity. Local events such as cloud formation are more or less
violent consequences of perturbations of this equilibrium.
For instance a cumulonimbus cloud, the most common form of thunderclouds, can be
formed when a suﬃciently warm and moist parcel of air happens to encounter a cold and
dry mass of air. Due to the buoyancy forces, the hot air rises-up and brings the water
vapour in altitude into colder and colder regions. When the temperature is suﬃciently
small, the condensation of the vapor releases the latent heat of vaporisation of the wa-
ter into the air, heating up and accelerating even more the ascending wind [1]. This
tremendous energy release of several GW is the main source of energy in such a cloud
13
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and causes very important gust of wind and turbulences [2]. As the humid air continues
to rise, the decreasing air temperature may reach the freezing point of water and droplets
may develop into ice crystals. Simply put, the smallest ones may be light enough to be
convected upward by the ascending wind, while the largest ones may be too heavy and
start to fall down, resulting in precipitations (rain or hail). As a consequence, numerous
collisions between the so-called hydrometeors take place into the cloud, leading to charge
exchange and charging [3].
At ﬁrst order, due to this complex collisional and charging dynamics, heavy hydro-
meteors (for example hailstones) acquire on average a negative charge, mainly located
at the bottom of the cloud, while light hydro-meteors (for example small ice crystals)
convected upward acquire on average a positive charge. Then, part of the energy released
by the condensation of vapour into the cloud is converted into electrostatic energy through
charge separation due to collisions and gravity. The formation of diﬀerent charge pools
and an important electric-ﬁeld of the ordre 105 V m−1 inside the cloud may appear a few
tens of minutes after the beginning of the precipitations [4]. From an electrostatic point
of view, the resulting polarization of the cumulonimbus cloud can be approximated by an
electric dipole, or a large loaded capacitor, with a total charge of around 100 C, a maximum
voltage of the order 100 MV and arround 1010 J of electrostatic energy [5]. In this context,
natural lightnings are the discharge phenomena taking place in the atmosphere to unload
the capacitor formed by the cloud, and recombine the electric charges .
Figure 1.1: Illustration of four types of lightning ﬂashes.
Most common ﬂashes occur between two charge pools of a single cloud, and are called
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intra-cloud lightnings (IC), as represented on Figure 1.1. As the electric ﬁeld of a cumulo-
nimbus can extend in the atmosphere far from the cloud, ﬂashes may happen between
two diﬀerent clouds, and are in that case designated by inter-cloud lightnings (CC).
An important consequence of the polarization of the cloud is a positive electrostatic
induction of the underlying ground close to the base, and a negative electrostatic induc-
tion of the ground under the anvil (see Figure 1.1). As a consequence, cloud-to-ground
lightnings (CG) may ignite, that are classiﬁed in two categories regarding the polarity
of the transported charges. Around 90 % of them come from negatively charged regions
of the base of the cloud and are called negative cloud-to-ground lightnings (-CG). The
remaining 10 % are called positive cloud-to-ground lightnings (+CG).
As there are more negative cloud-to-ground lightnings than positive ones, the overall
current conservation means other current ﬂow occur elsewhere. Interestingly, thunder-
clouds are part of the so-called global electric circuit" [6]: as there is electric induction
with the ground, there is also electric induction between the positively charged anvil and
the upper ionosphere, at more than 100 km of altitude, as represented on Figure 1.2. This
high altitude electric ﬁeld beneﬁt from the low air density to give birth to a wide variety
of discharges above the clouds, like elves, sprites, blue jets, and upward superbolts [7],
that generate a net current of about 1 A from a typical thundercloud to the ionosphere.
Because there are always on average 1000 cumulonimbus on Earth, a current of around
1 kA is ﬂowing in the ionosphere, which potential may reach 300 kV. The global circuit is
then closed by the very small current density (' 10−12 A m−2) ﬂowing from the ionosphere
to the ground, thanks to the fair-weather electric-ﬁeld" (' 120 V m−1), which is present
everywhere on the globe far away from thunderstorms [8].
Figure 1.2: Illustration of four types of lightning ﬂashes.
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The electric-ﬁeld of a cumulonimbus cloud is much smaller than the typical breakdown
ﬁeld of air at atmospheric pressure (' 3.6 MV m−1). Even considering the decreasing
breakdown ﬁeld due to altitude and decreasing air density, or due to the presence of pre-
cipitations, the breakdown ﬁeld scaled to the sea level is always higher than 4× 105 V m−1
[9]. For this simple reason, as mentioned by the author of [10], the initiation mechanism of
lightning is still an open question, puzzling the community for more than half a century.
Brieﬂy put, there are essentially two theories being discussed. In both theories, light-
ning always starts with a propagating leader phase, growing from a branching streamer
discharge, itself ignited in a place of strong electric-ﬁeld enhancement, where it could
locally exceed the breakdown threshold.
In the ﬁrst theory, the ﬁeld enhancement is provided by hydro-meteors, such as water
droplets or ice crystals, whose electric conductivity or dielectric properties allow for a
large point eﬀect and ﬁeld enhancement.
The second theory relies on a conductive plasma volume created in the air by the
so-called runaway breakdown mechanism. This type of breakdown may appear far below
the breakdown ﬁeld, due to a shower of runaway electrons provided by an energetic cosmic
ray. Then, the core of this plasma would have enough conductivity and life-time before
recombination to enhance the electric ﬁeld and ignite a streamer discharge [11][12].
Recently, hybrid scenario have been considered [10], but a consensual point is that
ignition of natural lightning always need a local enhancement of the ﬁeld, so that ionization
can take place giving birth to a plasma seed.
Once the plasma is ignited in the high-ﬁeld region, streamer discharges may start to
propagate, following the mechanism described on Figure 1.3: The initial plasma region
acts as a conductor that locally enhances the electric ﬁeld. This ﬁeld induces a drift
motion of the ions and the electrons in the plasma in opposite directions, resulting in
the plasma polarization. While the ﬁeld is screened inside the conductive plasma, it is
strongly enhanced at the plasma-air interfaces due to the space-charge and point-eﬀect.
Then ionization takes place where the ﬁeld is above the breakdown ﬁeld of air Ebr. A
new plasma is created, and due to drift ﬂuxes the high ﬁeld region is propagated further
again.
Such streamer discharges are not able to propagate very far from the high ﬁeld regions
close to the droplet, due to the plasma recombination in the channel. For a lightning
to trigger, complex electro-thermal phenomena in the plasma, such as thermal ionization
mechanisms, have to take place in order to maintain a high enough conductivity in the
plasma despite the low electric-ﬁeld, and sustain an important potential in the discharge's
head to propagate. The appearance of a thermal-ionization regime makes it possible for
the discharge to propagate on very long distances of km size, and is representative of a
streamer-to-leader transition. Then the ﬁrst step of a lightning discharge is associated
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with the propagation of a positive leader, in the direction of the thundercloud electric
ﬁeld to a negatively charged region, and also of a negative leader, propagating in the
opposite direction, towards a positively charged region. Such a situation is represented
on Figure 1.4 in the case of a cloud-to-ground lightning.
The bi-directional propagation speed is estimated to approximately 105 m s−1 for both
negative and positive leaders [13], and consists in a step by step displacement, due to the
complex thermalization and chemical evolution of the plasma channel [14]. The leader
phase lasts a few milliseconds, and the step by step propagation induces a sequence of
pulses between 1 and 10 kA at several kHz.
When the negative leader reaches the ground, it has left a conductive channel between
the cloud and the ground. Then a fast redistribution of the ﬁeld and charge displacement
from the ground to the cloud takes place, known as the ﬁrst return stroke. During this
phase, usually the most visible of a lightning ﬂash,the current may reach several thousands
of amperes within a few microseconds. The temperature inside the plasma channel may
typically reach 30 000 K for a current of 100 kA, even if far more extreme but rare scenario
have been accounted for in the litterature, with current values up to 500 kA [15], and
temperatures of a few hundred of thousands of Kelvin [16].
The return stroke is generally followed by a more stable current, known as continuous
phase, with a current in the order of a few hundreds of amperes but a duration of hundreds
of milliseconds. Several other re-stroke with short and high pulsed current phases may
occur during, and even after this continuous phase [17].
Figure 1.3: Ignition of a positive and a negative streamer from the enhanced ﬁeld regions
around a droplet.
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Figure 1.4: Development of a bi-directional, bi-polar lightning `tree' made of positive
leaders above and negative leaders below for a negative ground lightning (taken from
[18]). The diﬀerent instants ti illustrate the progression of the leaders.
1.1.2 Development of a lightning strike to aircraft
In the following study, the usual denomination of lightning strike will refer to a lightning
ﬂash that involves an object on the ground or in the atmosphere [17], such as an aircraft.
Naturally, lightning strikes are mostly due to CG ﬂashes for the case of ground infrastruc-
tures, but also in the ﬁeld of aeronautics. Indeed, aircraft are mostly struck by lightning
during the take-oﬀ and landing phases, because cruising aircraft can usually choose their
path to avoid crossing dangerous thunderclouds. Therefore, even if IC ﬂashes are the most
observed in the atmosphere, -CG is the predominant type of ﬂashes of interest regarding
aircraft protection.
The average probability of a civil aircraft to be struck lies between once per 1000 or
10 000 hours of ﬂight [19] [20]. This frequency depends on diﬀerent parameters such as
the local climate, the type of aircraft and the ﬂight routine. One could think of such event
to be the hazardous result of the interception of a lighting ﬂash by the course of a plane,
but this scenario only represents 10 % of lightning strikes to aircraft. Most of the time,
it is the presence of the aircraft that triggers a lightning ﬂash. As for natural lightning
discharges, triggered lightning development involves at the beginning the formation of a
small plasma around a sharp part, that geometrically increases the background electric-
ﬁeld to values higher than the breakdown threshold. In this case, the ﬁeld enhancement
is not provided by a small hydrometeor, but for example by the sharp winglets, noze or
tail of an airliner as shown on Figure 1.5, showing a numerical simulation of the electric
ﬁeld around an aircraft [21].
CHAPTER 1. LIGHTNING STRIKE TO AIRCRAFT AND SPARKING THREAT 19
Figure 1.5: Indicative 2D electrostatic model of an aircraft in a 100 kV m−1 ambient ﬁeld
calculated by Morgan et al. [21].
Figure 1.6 shows the two diﬀerent processes of aircraft lightning initiation. In both
cases (intercepted and triggered lightning), a positive leader develops from the aircraft
which becomes negatively charged. A consequence is the development, a few millisecond
later, of a negative leader propagating in the opposite direction. In the case of an inter-
cepted lightning, the positive leader connects with the -CG leader, whereas the aircraft
leaders propagate in opposite direction until the path connects the cloud to the ground.
The result is that the aircraft is part of the lightning current path: The lightning cur-
rent therefore crosses the aircraft from an entry point to an exit point, that are called
attachment points".
Since the speed of the aircraft is of the order of 100 m s−1 and the lightning ﬂash
duration is of the order of 100 µs, the aircraft can move about 10 m or more during the
strike. The arc attachment points are then likely to be swept backwards along the vehicle,
since the lightning channel tends to remain stationary relative to the surrounding air. [22].
This motion of the lightning attachment point, known as the swept stroke phenomenon,
is illustrated on Figure 1.7.
Figure 1.8 shows the typical current waveform of a lightning stroke to an aircraft,
that could be obtained during in-ﬂight measurements. The ﬁrst bursts observed are
characteristic of the leader step by step propagation. Then, ﬁrst and subsequent return
stroke up to 200 kA may occur, that are characteristic of the pulsed arc phases of a
lightning stroke. The continuing current phase is clearly visible, with a much lower current
intensity but a much larger duration.
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Figure 1.6: The two diﬀerent processes that lead to a lightning strike to an aircraft through
a bi-directional leader process. (a) The interception by the aircraft of a natural lightning
discharge. (b) The aircraft itself triggers the lightning discharge. Taken from [23].
Figure 1.7: Illustration of the swept stroke process: The swept is represented in the frame
of reference of the aircraft for diﬀerent times ti. Taken from [24].
Figure 1.8: Typicall lightning current waveform that can be obtained from in-ﬂight mea-
surements. Taken from [25].
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1.1.3 Eﬀects of lightning strikes to aircraft
Once the lightning arc is initiated, the electric current may ﬂow in the conducting parts of
the aircraft, on its external surface, referred to as the skin" of the aircraft in the following,
but also in the inner parts, in order to connect the entry and exit attachment points. Then
the damaging eﬀects of lightning strikes to aircraft are sorted in two categories:
• Indirect eﬀects are those resulting from the interaction between the electromagnetic
ﬁeld, generated by the strong and impulsive currents illustrated on Figure 1.8, and
the electrical devices in the aircraft.
• Direct eﬀects refer to the physical damage caused to structures and external de-
vices by the lightning arc attachment to the fuselage. Such damage may be the
consequence of three kind of physical constraints: themal, mechanical, and electric
constraints.
Thermal constraints result from two distinct mechanisms: Joule eﬀect, that induces
a volumetric heating in every place where the lightning current may ﬂow, and thermal
ﬂuxes from the hot air plasma to the materials at the attachment points of the lightning
arc. Joule eﬀect can lead to important thermal damage deep in the core of the materials,
and is responsible for the explosive vaporization of thin conductors, such as the lightning
protections made of a thin metallic layer or fabric at the top of the aeronautic skins
(Alu-mesh, Copper-foil). At the attachment points, the Joule power is maximum due to
the high current density, and cumulates with the thermal ﬂuxes from the plasma. The
main contributions to the total thermal ﬂuxes are the radiative transfers between the
hot air plasma and the materials, the thermal conduction due to the important thermal
gradients, and last but not least the energy ﬂuxe due the surface recombination of ions
from the plasma on the materials at the cathodic attachment point.
The mechanical constraints are also maximum close to the arc root, due to the volume
Laplace forces, the high pressure in the plasma and the shock-wave during the pulsed arc
phase. Far from the arc root, only the Laplace forces remain but the fast decrease of
the current density and the magnetic ﬁeld with current diﬀusion in the structure strongly
mitigates this eﬀect with distance.
Electric constraints are related to the possible electrical breakdown of materials subject
to important electric-ﬁelds due to the lightning current circulation. It may be the case
for example between the diﬀerent plies in a stratiﬁed composite material. The high
electric-ﬁelds that may appear in assemblies may also give birth to plasma discharges. An
example are the so-called edge-glow" discharges that may appear on the edge of composite
materials [26]. In this PhD project, a particular attention is given to the possibility of
electrical breakdown in the air when the lightning current crosses a mechanical contact
between several structural parts.
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All these constraints may cumulate with each other, resulting in complex damage that
may be diﬃcult to predict, prevent or even detect. Figure 1.9 shows an example of damage
on the radom of an aircraft due to a lightning arc attachment.
Figure 1.9: Eﬀect of the swept stroke displacement of a lightning arc attachment on the
radom of an RNZAF Orion. Taken from [27].
1.1.4 Sparking risk
The consequences of the passing of the lightning current would be minimal if the structure
of the aircraft was perfectly conductive. The amount of heat dissipated by Joule eﬀect and
the electric-ﬁelds generated are all the more important as the materials are resistive. The
aluminium, that has been widely used in aeronautic construction for its speciﬁc mechanical
properties, happens to be a good material regarding the sustainability to lightning strikes.
A drawback of the increasing use of composite materials is that, although they have better
mechanical properties than aluminium, their anisotropic and much lower conductivity
values represent a new challenge regarding direct eﬀects and lightning protection.
Besides, even when the aluminium is predominant in the structure, an aircraft is not a
single-body conductor but rather an assembly of pieces, and all the mechanical interfaces
connecting the diﬀerent parts induce electrical resistances the lightning current may have
to cross. These resistances, referred to as contact resistance" in the following, induce high
voltage drops on short distances, high electric ﬁelds, and important Joule power densities
that may ignite diﬀerent discharge phenomena. Some of the most constraining contact
resistances in aeronautic structures are related to the fastened assemblies between the
skin of the aircraft, where the lightning current is expected to ﬂow, and the underlying
structural parts such as spars or ribs on a wing. In those fastened assemblies, the parts
are joined together with a large variety of fasteners, made most of the time of a screw, a
nut, and possible nut-locking technologies, washers and rivets. The Figure 1.10 shows an
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example of a typical fastened assembly between the skin of the aircraft and a rib.
The diﬀerent discharges that have been observed on such assemblies in the lightning
stroke community are represented: The edge-glow discharge on the edge of the composite
rib, but also the spark discharge and the outgasing phenomena that may take place
on the bottom part of the assembly, close to the nut. Spark discharges and outgasing
phenomena are highly related to the electric-ﬁeld and the Joule eﬀect in the contacts
between the screw, the nut, the skin and the rib. On Figure 1.10 the current injection in
the assembly is a consequence of the current ﬂowing in the skin. The arc root may in this
case be quite far from the fastener, meaning that those discharge could appear almost
anywhere in the aircraft structure. This current injection situation is called conduction"
in the community, while the opposite situation, when the arc root is directly attached to
the head of the screw is called attachment", as represented on Figure 1.11.
An example of the electric ﬁeld distribution in an fastened assembly for an attachment
case is represented on Figure 1.12: It is a sliced view of the electric-ﬁeld computed in an 3D
geometry with Code_Saturne, the EDF CFD (Computational Fluid Dynamics) software
[28]. It can be clearly seen that the ﬁeld is maximum in the air in the vicinity of all
the interfaces between the diﬀerent parts, where contact resistances have been manually
added. The high ﬁeld regions may lead to sparking discharges at the bottom of the
fastener, as shown by the close view.
Figure 1.10: Schematic drawing of the diﬀerent mechanisms that occur during sparking
phenomenon. Taken from [29].
For obvious reasons, it is crucial to avoid the occurrence of such sparking or outgasing
discharges if the bottom part of a fastener is located in a fuel tank. Discharges in fuel
tanks would not necessarily lead to disastrous aftermaths, because the medium must be
in the right conditions of pressure and air supply to ignite. To insure maximal security,
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aircraft manufacturers look for fastener designs and certiﬁcation processes that limit this
discharge risk as much as possible.
Figure 1.11: Sparking in aeronautic fastened assemblies may result from two distinct
situations regarding current injection: conduction" and attachment".
Figure 1.12: Sliced view of the 3D electric-ﬁeld (arbitrary unit) distribution in a fastener
in an attachment situation. The black arrows show the regions where the electric-ﬁeld is
the highest, here at the interfaces between rib, nut and screw.
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1.2 Aircraft protection
Lightning strikes on aircraft are random but potentially dangerous. They occur on average
once a year on a civil aircraft, usually with minimal consequences. However aircraft
constructors have the responsability to protect them against the worst cases scenarii. To
cover the widest range of reasonable cases, committees such as EUROCAE (European
Organization for Civil Aviation Equipment) and SAE (Society of Automotive Engineers),
establish normative conditions that materials must be able to sustain ([30]).
1.2.1 Normalized waves and aircraft zoning
Not all surfaces of an aircraft need to be designed to survive the same lightning threat.
Indeed the lightning ﬂash usually initiates on sharp areas, and is then swept backwards
(cf Figure 1.7. ), towards areas that are in the path of the sweeping channel. Only
some areas, at the rear of the aircraft, may receive the full energy of a ﬂash, because the
lightning arc can hang-on to them for the total ﬂash duration. On the other hand, other
areas will only experience a fraction of a lightning ﬂash.
The proportion of the ﬂash endured by any particular point therefore depends on
the probability of initial attachment, sweeping and hanging on the skin of the aircraft.
In order to optimize lightning protection and set the basis of systematic certiﬁcation
processes, standardized lightning current waveforms are deﬁned together with lightning
strike zones.
The lightning current waveforms are deﬁned by a composition of current components.
These standardized components are not intended to replicate speciﬁc lightning events,
but are rather meant to correspond to upper bounds regarding the eﬀects of lightning
on aircraft. The main relevant parameters of a lightning strike regarding direct or indi-
rect eﬀects are the peak current amplitude, the action integral and the time duration.
Standardized components are deﬁned by combinations of extreme cases of these charac-
teristics that may be observed on aircraft. Figure 1.13 illustrates four components of the
current waveform with their corresponding maximum current level (kA), time duration
(ms), action integral (A2 s) and transferred charge (C).
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Figure 1.13: Ideal lightning current waveform. Taken from [22].
Although meant as extreme boundaries, each component is representative of one of
the phases of a lightning strike presented in section 1.1.1. The A-component relates to
the ﬁrst return stroke, and the D-component reproduces the subsequent strokes. The
B-component is associated to the transition from the impulsive stroke currents to the
continuing current, which is represented by the C-component. The diﬀerent characteristics
of the components may have diverse eﬀects on the aircraft. For example a component with
a great action integral would correspond to great thermal eﬀects due to Joule heating in
resistive materials, whereas impulsive components will lead to important electromagnetic
eﬀects.
The time of attachment of the lightning arc on a single point, refered to as dwell-
time", may range from 1 to 50 ms if the channel can be swept backward [22]. Dwell times
of 1 to 5 ms are typical of lightning attachments to unpainted metal surfaces. Even such
short attachment durations are suﬃcient to experience full impulsive A or D components,
as well as the continuity component B. Dwell times on surfaces covered with especially
thick or high dielectric strength coatings may rather range from 20 to 50 ms, durations
that allows to experience AB or DB, followed by a small fraction of a C-component. In
any case, if sweeping takes place the arc cannot stay attached long enough for a single
point to endure a full C-component. The denomination C* is then used for a shorter
C-component associated to the a longest possible dwell-time. Only some areas at the
rear of the aicraft may hang-on long enough to endure several impulsive components or a
complete C-component. From these considerations, the SAE devided an aircraft in several
zones that may endure similar sequences of wave components [31]. An example of such
lightning zoning applied to a civil aircraft is represented on Figure 1.14.
The zones are deﬁned with two labels (a number and a letter). The ﬁrst label indicates
the cause of the presence of the arc: attachment (zone 1), sweeping (zone 2), or neither
of them (zone 3). Areas of Zone 1 are the only ones that can endure an A-component,
representative of a ﬁrst return stroke. Zone 2 may endure all other components. Zone
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3 is considered protected from the lightning attachment, because these areas are neither
initiating a lightning ﬂash nor in the path of a sweeping arc ignited in a Zone 1 area. They
may however endure conductive currents going from the entry point to the exit point, but
these currents should be much lower due to current diﬀusion in the structure. The second
label is associated to three letters (A, B and C) to describe the ability of the arc to sweep
(zone A) or to dwell at the same location (B). The association of the two labels deﬁnes
speciﬁc zones and the waveform components they should be able to endure:
Zone 1A : First Return Stroke Zone: ABC*-components.
Zone 1B : First Return Stroke Zone with Long Hang-On: ABCD-components.
Zone 1C : Transition Zone for First Return Stroke: AhBC*-components (Ah-component
is a reduced A-component).
Zone 2A : Swept Stroke Zone: DBC* component.
Zone 2B : Swept Stroke Zone with Long Hang-On: DBC-components.
Zone 3 : Current Conduction Zone: Any attachment of the lightning channel is unlikely,
but those portions may conduct a substantial amount of electrical current between
the attachment points.
Figure 1.14: Example of lightning zoning applied to a Boeing airliner. Taken from [32].
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The normalized waves represented on Figure 1.13 together with the zoning of aircraft
give a baseline of currents that aeronautical structures should be able to sustain. The
certiﬁcation of aircraft impose to prove that materials and assemblies of each zone have
an accceptable behavior when crossed by the corresponding normalized wave components
[33]. For that purpose, large testing facilities that can generate artiﬁcial discharges on
structures and samples, with imposed normative current waveforms, may be used. For
instance, in Toulouse the DGA-TA (DGA-Techniques Aéronautiques) center has, at man-
ufacturers disposal, the Super-Dicom and the Emma benches that can deliver normative
current waveforms and intensities up to 300 kA on large aeronautic structures or models.
For each zone, experimental tests may reveal the necessity to add lightning protections
in some particular places. Lightning protections cover a wide range of technological
solutions. As mentioned previously, some thin conductors like mesh or foils may be
added on the surface of the skin of the aircraft, most of the time under the paint layer, to
prevent damage on materials and the diﬀusion of the current in the underlying structures.
In the context of discharges in fastened assemblies, an eﬃcient protection is to add a lot
of sealant around each contact to prevent electrical breakdown or outgasing phenomena.
An other technology makes use of a metallic or dielectric nut-cap around the nut to
conﬁne the potential discharges and prevent their propagation in fuel tanks for example.
However, all these lightning protections increase the cost, the weight, the maintenance
and the possible source of failure of aircraft. To design eﬃcient protections, or avoid
them, it is then necessary to have a better understanding of the lightning direct eﬀects.
Among them, the interaction of a lightning arc with materials and the ignition of plasma
discharges in assemblies may be the most diﬃcult issues. For this reason, experimental
and numerical studies are conducted in the community to improve the understanding on
direct eﬀects. This PhD project is part of this thematics, in the continuity of many studies
performed at Onera in unit FPA.
1.2.2 Experimental and numerical studies at Onera
At Onera, unit FPA has developed a small research capacitive bench, GRIFON (Généra-
teur de Recherche sur l'Impact du Foudroiement de l'ONera), to study into details the
fundamental processes in aeronautic structures subject to lightning stroke, using state of
the art diagnostics. For instance, GRIFON can generate a 10 cm long plasma arc with a
D-wave current [34] on sample materials or assemblies that are placed in between the two
electrodes.
In particular, as part of the fundamental studies on the sparking risk in fastened
assemblies, Figure 1.15 shows an aeronautical assembly that has been tested on GRIFON
in a conduction conﬁguration. An important discharge can be observed on the right
part of Figure 1.15, as well as the voltage probes that are used to measure the contact
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resistance between the head of a screw and the composite skin.
One of the most important observation performed during such experimental studies is
that the contact resistance may vary signiﬁcantly, on microsecond time-scales, during the
wave. Figure 1.16 shows an example of the variation of the contact resistance obtained
on a composite-metal contact subject to a D-wave current. These fast and non-linear
variations of the contact resistance by orders of magnitude are diﬃcult to measure due to
the very short time-scales. However, the variation of the contact resistance is a reliable and
reproducible result that can also be obtained on metal-metal contacts in assemblies. They
also appear to be directly related to the possible occurrence of sparking and outgasing
phenomena.
From a numerical point of view, unit FPA have been using 3D ﬁnite volume simulations
to solve the current distribution, the electric ﬁeld, and the temperature evolution due
to Joule heating in assemblies. However, the contact resistances are assumed constant
in those simulations, which is a strong limitation given the experimental observations.
Moreover, it is very diﬃcult to derive a reliable criteria that could detect the conditions
favourable to the ignition of a discharge. Then, there is a need for a variable contact
resistance model that is fast enough to be coupled as an interface model with 3D ﬁnite
volume simulations, an that could help predicting the ignition of discharges. One of the
main goal of this PhD project is to study into details the physical processes that may
lead to the resistance variations in metal-metal contacts and the occurrence of plasma
discharges.
Figure 1.15: (a) Side view of the fastened assembly under test: The current (red arrows)
ﬂows from the aluminium skin to the multilayer CFRP (Carbon Fibre Reinforced Poly-
mer), going through the nuts and the screws. (b) Top view of the experimental setup:
voltage probes are used to measure the evolution of the contact resistance between the
screw and the CFRP. Courtesy of Rafael Sousa Martins.
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Figure 1.16: Evolution of a contact resistance measured thanks to the voltage probes of
Figure 1.15(b). Courtesy of Rafael Sousa Martins.
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1.3 Overview of contact resistance theories
1.3.1 Brief history on electrical contacts science
The electrical contacts have been a critical matter since the early stages of the development
of electricity and electrical circuits, but were not necessarily well understood or well
investigated. Initially, the range of currents carried by electrical contacts was limited, from
some fractions of an ampere to perhaps of few hundreds of amperes. The range of currents
involved has greatly increased with new technologies, going from micro-amperes in micro-
electronics technologies up to mega-amperes in high power devices and switches. With the
improvements of measuring tools and with the development of new solid matter theories
came better knowledge on electrical contacts. Since the 1940s, a considerable amount
of knowledge has been accumulated in electrical contact science. In 1952, the ASTM
(American Society for Testing Materials) published the bibliography and abstracts on
electrical contacts from 1835 to 1951 [35], and continued to do so until 1965. The recording
of abstracts regarding electrical contacts was then continued by the Holm Conference
Organization until nowadays [36]. However, only a few comprehensive books have been
written on the subject. In 1940, Windred published Electrical Contacts [37], that treated
the subject into details. Ragnar Holm published his ﬁrst book in 1941, in German,
and continued to update his work until the publication of the widely cited book Electric
Contacts: Theory and Application in 1967 [38], reprinted several times until 2000. A
more recent book, Electrical Contacts: Principles and Applications [39], the fruit of the
collaboration of many authors and edited by Paul G. Slade, is a very helpful tool to
understand a broad variety of aspects regarding contact resistances.
1.3.2 Deﬁnitions and terminology
The contact resistance between two conducting surfaces is very well introduced by Holm
[38]. The term electric contact refers to the junction, mechanically tightenable or re-
leasable, between two conductors, when this junction can carry an electric current from
one conductor to the other.
Experimentally, a resistance between two points can be measured by placing probes
in contact with these points, imposing a small current to go from one probe to the other,
and measuring the voltage drop between the probes. The resistance is then deﬁned by
the ratio between the voltage drop and the current. The use of small continuous currents
insure the linearity of electrical conduction laws, such that this ratio is independent on
the current level. In the case of a single body conductor of constant section such as a
cylinder, the resistance experimentally measured is proportional to the distance between
the probes.
However when the current has to go through an interface, an additional component
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Figure 1.17: Schematic diagram of a bulk electrical interfac. Taken from [39].
of the resistance is measured, and it is observed that the biggest voltage gradients in a
contact are situated at the close vicinity of the interface between the contact members.
This additional resistance is not completely independent on the distance between the
probes, but converges to a ﬁxed value as the distance is increased and border eﬀects can
be neglected. This value is naturally called contact resistance, and can be seen as the
extra resistance only imputable to the interface between the contact members.
Indeed, such interface represents an obstacle to a current passing from a conductor to
the other, even if the conductors are made of the same material. The main reason for
this contact resistance lies in the fact that the conductors' surfaces are by nature highly
irregular at small scales, in general at the order of the micrometer, and the real contact
area is only a small fraction of the apparent surface. Therefore the current has to go
through the micro-peaks of the two mating surfaces as illustrated in Figure 1.17.
The geometry of the conduction micro-peaks of the contact depends on the surface
state of conductors, but also on the load P that presses the contact members together. A
contact interface is usually divided into three zones:
• The apparent area of the contact Aa.
• The load bearing area of the contact Ab.
• The conducting area Ac: so called a-spots.
Because of the unevenness, the contact members touch each other in areas that are
often plastically deformed, their sum being Ab by deﬁnition. They may not all participate
equally to bear the load, but the sum of the mechanical reactions must be oppositely equal
to the load P if the mechanical equilibrium is assumed. Furthermore the load bearing
areas may not all be participating equallly to the current conduction, because some parts
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can be covered by insulating layers, representative of the thin metal oxide layer, coating
on the surfaces in contact or simply paint layers.
It can appear somehow arbitrary to devide Ab between conductive and insulated areas,
because the reality is highly dispersed and there is a continous range between the extreme
cases of complete insulation or perfect conduction. Nevertheless the conductive area, Ac is
often described as the fraction of Ab allowing current ﬂow [38] [40], and the corresponding
microscopic areas of metallic conduction are widely called a-spots, suggesting to model
them by circular sections of radius a. One should keep in mind that theses areas are still
subject to the possible presence of insulating layers. Figure 1.18 shows a schematics of
the repartition of the areas Ab and Ac in a contact.
Although it is in practice nearly impossible to have a precise knowledge of these areas,
Ab can be guessed with a good amount of precision if we assume that all the bearing
spots have reached the plasticity stress level. In that case, the bearing area would follow
Equation 1.1, where σy (Pa) is the yield strength of the material. Even if some spots are
reacting elastically or if creep deformation has taken place, this assumption gives a good
order of magnitude for Ab.
Ab =
P
σy
(1.1)
The ratio between Ac and Ab is much more diﬃcult to asses, because ﬁlm layers are
subject to mechanical damage in the presence of tightening forces or mechanical insertion
and there is a lot of uncertainty concerning their thickness and even their presence.
What can be said is that usually, one may ﬁnd Ac < Ab  Aa. Therefore, the current
going from a contact member to the other will face resistance because it is constricted
through a much smaller section than the apparent section of the bodies, and because it is
sometimes forced to go through insulating layers or even through the air if no conducting
solid path is available.
Figure 1.18: Apparent contact surface Aa, load-bearing area Ab containing conducting
spots Ac, the so-called a-spots. Taken from [41].
CHAPTER 1. LIGHTNING STRIKE TO AIRCRAFT AND SPARKING THREAT 34
1.3.3 Holm's formula for a ﬂat circular a-spot
In order to calculate the resistance of a conductor in static state, one usually assumes
Ohm's law that requires the current vector to be proportional the electric ﬁeld, that is
the gradient of the potential function.
For a straight conductor of constant section, symmetry arguments make it easy to de-
duce the structure of equipotential surfaces. The current conservation is easily integrated
in order to ﬁnd a relation between to total current ﬂowing through the conductor and
the potential at its boundaries. The resistance of a conductor of section S, length l and
conductivity σ is classically given by R = l
Sσ
.
In the case of a constriction of the current lines as represented on Figure 1.17, the
mathematical solution is much more complex. Using Smythe mathematical development,
Holm's show in [38] that for a perfectly ﬂat, circular and isolated a-spot of radius a, an
analytical formula can be obtained, widely known in the literature as Holm's formula 1.2.
Rc =
1
2aσ
(1.2)
The mathematical steps that lead to this formula are presented in Appendix A. The
ideas and the method of this development can be interesting in order to fully apprehend
the multiple phenomena that will be observed in this thesis:
• Concentration of the current lines at the periphery of the a-spots
• Joule distribution in a non-ﬂat a-spot
• Interaction of the current lines in a cluster of a-spots
To the author's knowledge, Holm's formula and method are used as a baseline model
by most studies in the ﬁeld of electrical contacts. However, the hypotheses made to
obtain this formula are too restrictive for a wide range of applications. Studies often aim
to enlarge Holm's method in order to model other aspects that do not appear in the case
of a single and ﬂat a-spot between two homogeneous conductors. This is the spirit that
lead this thesis, driven by the need to asses phenomena that may occur at the microscopic
scale of contacts subject to very high and impulsive currents.
1.3.4 Electric contacts subject to large currents
In the a-spots, the current density, the Joule eﬀect and the electric ﬁeld can be orders of
magnitude higher than in the bulk material, and many physical phenomena occurring at
this microscopic scale are of crucial importance for a wide range of industrial applications
and research ﬁelds, such as the micro-electronics industry [41] [42] [43] , high current
connectors, switching devices, breakers technologies [44], railguns [45], or spot-welding
process [46].
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The main diﬀerences between the many applications involving electric contacts rely
in the nature of the materials, the surface treatment, the mechanical load on the contact
and especially the current density level. Studies on electric contacts have been widely
conducted in the Micro-Electro-Mechanical-System (MEMS) community, involving con-
tacts subject to relatively small current density levels up to a few amperes, but during
millions or billions of cycles of a few microseconds [47]. The performances of those systems
strongly depend on their ability to sustain such large numbers of operating cycles with a
constant electrical behaviour. The degradation and aging of these contacts is generally
thought to be a consequence of a-spots failure, as heating and electromigration slowly
degrade them until a usually fast breakdown [48]. On the other hand, applications re-
lated to welding, rail-guns, high current technologies and lightning stroke involve much
higher current densities during much smaller time-scales, and the constraining physical
phenomena may be very diﬀerent. During the pulsed arc phase of a lightning stroke, the
current can be as high as 200 kA on microsecond time-scales.
The resulting current levels in aeronautic assemblies are then higher than in most of
the other high current applications, and there is a need for modelling strategies regarding
the contact response to such current levels and time-scales, and regarding the ignition
probability of critical energetic discharges. However, the phenomena occurring in contacts
under high currents and related discharge phenomena are extremely complex due to the
many physical processes involved. The response of the many a-spots ensuring the current
ﬂow in the contact is a result at high intensity of a strong electric, thermal, and mechanical
coupling. Moreover, the contact response depends on the details of the surface micro-
geometry that may lead to very diﬀerent initial a-spots distributions.
Before addressing these physical aspects into details, it is important to evaluate the
importance, in the context of lightning stroke, of two physical phenomena that are widely
taken into account or conjured in the study of electric contacts for other kinds of appli-
cations. The electro-migration, that is responsible for the failure of most MEMS, and
electronic emission in contacts subject to important voltage diﬀerences.
Electromigration
Electro-migration is a diﬀusion motion of the metallic ions in a metal subject to an im-
portant current density. This motion is related to the drag force applied on ions due
to the so-called electron-wind", and the resulting electron-ion collisions. This transport
process is very complex to model or to estimate analytically, since it relies on the presence
of defects in the metal, such as nano-voids, or grain boundaries. However, such a diﬀu-
sion process should take place on characteristic time-scales much larger than the typical
duration of the pulsed arc phase of a lightning stroke.
A widely known approach to this problem is the Black formula [49], that makes it
possible to compute the MTTF , Mean Time To Failure", for a given current density
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j (A m−2), and a given temperature T (K):
MTTF = Aj−neEa/kBT (1.3)
In Equation (1.3), kB (J K−1) is the Boltzman constant, Ea (J) is an activation energy,
and n a parameter of the model. Both Ea and n depend on the materials and the micro-
structure considered. An upper value for j is obtained for example considering a D-wave
current (100 kA) ﬂowing in an a-spot with radius a = 50 µm, which gives j ' 1013 A m−2.
Taking for example the values reported in [49], and a temperature of 1000 K, the lowest
value obtained is of the order 3 µs, while it can be hours at 300 K. Then it seems that
electro-migration is really a long-time process and that it is not relevant to consider it in
the context of contacts subject to the pulsed arc phase of a lightning stroke, lasting from
a few µs to 1 ms.
Electronic emission
If the potential diﬀerence in a contact is large enough, the important electric-ﬁeld may
induce electronic emission from the metal and a signiﬁcant current may ﬂow between
the parts, in parallel to the a-spots. To evaluate this eﬀect, the widely known Schottky
thermoionic and Fowler-Nordheim ﬁeld emissions can be computed [50]. These widely
used emission formulas have a limited validity range, and they should be used cautiously
[51].
The material dependence is related to the work function of the material, which is
the energy needed to extract an electron from the metal to the vacuum. The lowest the
work function, the highest is the current that can be extracted from the metal. Schottky
emission increases with both the metal temperature and the electric-ﬁeld. At zero electric-
ﬁeld, it reduces to the Richardson emission. Fowler-Nordheim emission depends on the
electric-ﬁeld only, and is related to the tunnelling of electrons from the solid metal to the
vacuum.
In order to have an upper estimate, a work function of 4 eV has been considered,
together with a metal temperature of 1500 K. Schottky and Fowler-Nordheim emissions
have been computed for a contact with a thickness of 10 µm and a voltage drop ranging
from 1 V to 10 kV, which represent electric-ﬁelds in the range 105 to 109 V m−1. The
highest value is a quite unlikely upper estimate, but even with such a ﬁeld the electronic
emission seems rather low.
In the literature, a boost parameter β is often added to increase the ﬁeld. It should
represent the electric-ﬁeld enhancement due to micro-peaks on a given surface. A reason-
able value is β = 10, meaning that the maximum ﬁeld that can possibly be encountered in
a contact is ten times the average ﬁeld given by the voltage diﬀerence divided by the gap.
Figure 1.19 shows the Schottky emission (thin continuous lines) and Fowler-Nordheim
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Figure 1.19: Schottky (continuous lines) and Fowler-Nordheim emissions (dashed lines)
in a contact for boost parameters ranging from β = 1 to β = 100. Gray lines correspond
to the conduction current densities in the a-spots for σ = 104 and 107 S m−1.
emission (thin dotted line) for beta ranging from β = 1 to β = 100. The electronic
emission is compared to the current ﬂowing by conduction in the contact, in the case of a
metal-metal contact (σ = 107 S m−1), and in the case of a carbon-metal or carbon-carbon
contact (σ = 104 S m−1). It can be clearly seen that the current density due to electronic
emission is much lower by orders of magnitude than conduction currents for metal-metal
contacts.
One could argue that considering the total current ﬂowing in the contact, electronic
emission currents could beneﬁt from a much larger surface than conduction currents be-
cause Ac  Aa. However, the high ﬁeld regions corresponding to β > 1 are related to
small fractions of the apparent contact area, and in the case β = 1 the emission is so
small than even with Ac/Aa = 10−6 the current due to electronic emission seems negligi-
ble. Then it seems quite reasonable to ignore electronic emission in metal-metal contacts.
For contacts involving carbon parts, the situation could be discussed since in this case the
conductive current densities are much smaller and because carbon ﬁbers may probably
generate large β values.

Chapter 2
Multiphysical modeling of single a-spot
contacts
In aeronautic assemblies, some electric contacts may be related to the presence of defects.
In this case, the electric contacts may consist in a single a-spot ensuring the current ﬂow.
It can be the case when considering alignment defects between non-interfering screws
and bores, or defects in the insulating layers in contacts between parts with surface
treatment or oxide layers. Contacts with very few or even a single a-spot can also be
present between screws and bolts, in ball bearings, or in ball joints for example. Before
dealing with contacts with many a-spots, it is then useful for applications and for better
understanding to ﬁrst focus on single a-spot contacts. For this purpose, a simple 0D
a-spot model is developed in this section based on geometric simpliﬁcations and 2D ﬁnite
volume simulations. This model has to take into account the complex electric, thermal
and mechanical coupling that controls the dynamics of the a-spot under lightning stroke
conditions.
2.1 Geometric simpliﬁcations
In realistic electric contacts, the geometry of the a-spots may be very complex and may
diﬀer signiﬁcantly from one spot to another, regarding both shape and size. Moreover,
there is no hope to fully characterize these micro-geometric details in any practical way,
and geometric simpliﬁcations are then necessary. In this study, we assume that a-spots
have a cylindrical geometry, characterized by a radius a (m) and a thickness (or height)
l (m) as shown on Figure 2.1. Obviously, this simpliﬁcation should be discussed. In many
studies, the contacts' micro-geometry is even further simpliﬁed assuming perfectly ﬂat
circular contacts (l=0 m).
A ﬁlm layer, representative of the thin metal oxide layer or coating on the surfaces in
contact is often added as in [52]. This ﬁlm resistance is diﬃcult to address since electron
39
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Figure 2.1: Schematics of an electric contact between two surfaces on a microscopic scale
[39]: three a-spots represented.
transport in such thin insulating layers is very complex and may require taking into
account tunnel eﬀect, ballistic transport or electric breakdown on nanometer scales ([39],
[52], [53]). To the author knowledge, most of the contact models addressing the presence of
a ﬁlm layer reduce it to a ﬁlm resistance, rarely tackling the complex transport, electrical
and mechanical phenomena taking place inside.
The presented model could be easily modiﬁed to take into account such a constant,
passive ﬁlm resistance in the cylindrical a-spot. In this case the only inﬂuence expected
is on the current distribution in a multi-spot contact, but that would be equivalent to in-
crease the averaged thickness of the a-spots (l). The inﬂuence of this geometric parameter
on a multi-spot contact has been studied in Chapter 4.
Moreover, ﬁlm layers are subject to mechanical damage in the presence of tightening
forces or mechanical insertion and there is a lot of uncertainty concerning their thickness
and even their presence in a-spots. Then the choice has been made in this study to
consider as a ﬁrst step pure metallic contacts without any ﬁlm layer.
On the other hand, in order to correctly model the mechanical behavior of electric con-
tacts, and more precisely the decreasing electric resistance with tightening force, it seemed
necessary to keep information concerning their height, as in the spherical asperity models
[40] [54]. Sphere models for a-spots could be more realistic than cylindrical models, but
also bring much more complexity regarding multi-physics modelling, since mechanical,
thermal and electric ﬁelds may be highly non-uniform in this case. The cylindrical ap-
proximation can be seen as an intermediate between perfectly ﬂat contacts and spherical
a-spots, and a good compromise between simplicity and reﬁnement to take into account
the most important physical processes.
Another argument in favour of the cylindrical a-spot approximation is that such a
shape is likely for contacts subject to high tightening forces: It has been shown by me-
chanical ﬁnite element simulations in [55] that the deformation under high compression of
two mating spheres may locally produce a cylindrical shape, as shown on Figure 2.2. The
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Figure 2.2: Representation of the FEM mesh and the deformed geometry of loaded spheres
for each case: (a) deformable base and (b) rigid base. Taken from [56].
cylindrical a-spot model is then probably more accurate at high tightening forces than at
very small loads.
In the following of this chapter, it has also been assumed that a-spots have a radius
and a thickness of the same order of magnitude. It will be shown in Chapter 4 that
this hypothesis is quite reasonable as long as the mechanical tightening force on the
contact is not so high that a large plastic deformation regime is obtained in the a-spots.
The chosen size of the single a-spot considered in this ﬁrst study must not be seen as a
realistic measurement, but was chosen so that the initial resistance of a contact be close
to what is observed in practice.The motivation of this ﬁrst chapter remains to increase
our understanding of contacts and to develop a model that is suited for the study of more
realistic surfaces.
Despite the geometric uncertainties, this work has been partly motivated by the hy-
pothesis that in the case of realistic contacts with many a-spots in parallel, regularities
in the high current dynamics will appear that will be function of macroscopic, available
parameters, like the initial contact resistance, the tightening force, the materials and
surface roughness, and that it will barely depends on the micro-geometric details and
assumptions.
2.2 2D thermoelectric simulations
A-spots in aeronautic contacts under lightning stroke conditions may be subject to a Joule
heating large enough to heat the solid materials up to the boiling point on microsecond
time-scales. The current density distribution, Joule heating, and related thermal phe-
nomena are then very important regarding the contact dynamics at high intensity.
A permanent-regime solution for the temperature ﬁeld in a ﬂat circular a-spot has
been obtained in [38], following the so-called ϕ− θ relation, where the equipotential lines
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Figure 2.3: Representation of the single a-spot geometry considered in the 2D axisym-
metric simulations.
and isotherms are merged. However, considering the time scales of interest during the
pulsed arc phase of lightning stroke (∼1 µs), the thermal permanent regime hypothesis is
irrelevant and a more detailed analysis of the unsteady current and temperature evolution
in a single a-spot in those particular conditions is required.
For this purpose, 2D axisymmetric thermo-electric ﬁnite volume simulations have been
performed in the cylindrical coordinate system (r, θ, z). The geometry consists in two
conductive metallic parts separated by an insulating gap, which is most of the time ﬁlled
with air in the context of aeronautic contacts. A single cylindrical a-spot, with a thickness
l and a radius a, connects these two parts as represented on Figure 2.3. The mesh is made
of quads with geometric progressions in r and z directions in order to correctly discretize
the a-spot, where very important thermal and potential gradients are expected.
Neumann boundary conditions are imposed at r = 0 mm to represent the axis, and
r = b to represent the border of the conductive volume. Indeed, no thermal or electron
ﬂuxes can cross these borders. On the top (z = zmax) and bottom (z = zmin) bondary con-
ditions,the temperature is set to 300 K thanks to Dirichlet bondary conditions, meaning
that the bulk material far from the a-spot is barely aﬀected by Joule eﬀect and thermal
ﬂuxes. Dirichlet boundary conditions are also imposed on the electric potential: at the
bottom boundary, the electric potential is set to 0 V to represent the ground reference,
and the applied voltage on the top boundary is computed at each timestep to ensure a
current setpoint.
2.2.1 Electrostatic study of a single a-spot
As a ﬁrst step, ﬁnite volume simulations have been performed to gain insight into the
current distribution in a-spots, and to study the dependence of the electric resistance
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Figure 2.4: 2D axisymmetric simulation of the current density and current lines in a steel
cylindrical a-spot subject to a permanent 1 kA current. σ = 107 S m−1, a = 500 µm,
l = 500 µm.
with the geometry. In this case the simulations are purely electrostatic, meaning that no
heating dynamics or time-dependant phenomena are accounted for. The only equation
solved in this case is the electrostatic current conservation equation 2.1:
∇ · j = −∇ · σ∇ϕ = 0 (2.1)
where ϕ (V) is the electric potential, j (A) the current density vector, and σ (S m−1)
the electric conductivity. The current conservation equation is spacially discretized by
means of a ﬁnite volume scheme, and the resulting sparse linear system is solved thanks
to the SuperLU direct solver [57].
The 2D axisymmetric electrostatic simulations have been performed for a steel cylindri-
cal a-spot (σ ∼ 107 S m−1) for diﬀerent values of its radius and thickness. The constriction
of the current lines can be observed on Figure 2.4, for the case of a cylinder of radius
a = 500 µm and thickness l = 500 µm. It can be noticed that the highest current densities
take place at the border of the a-spot.
The value of the maximum current density obtained is 5.2× 109 A m−2, whereas the
mean current density given by the ratio of the total imposed current to the area of the
a-spot gives 1.27× 109 A m−2. This is in adequation with Holm's theory [38] that predicts
a singular norm j of the current density vector j (A m−2) at the rim (r = a) of a ﬂat
cylindrical constriction, accordingly to equation 2.2:
j(r) =
I
2 · pi · a
1√
a2 − r2 (2.2)
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where I (A) is the total current ﬂowing in the constriction and r (m) is the distance
from the symmetry axis. The current density proﬁles at z = ± l/2 are very similar to the
distribution given by Equation 2.2, which is representative of a current constriction. On
the other hand, at the middle of the a-spot (z=0 mm), the current density is much more
uniform due to the current diﬀusion in the cylinder. For a suﬃciently large thickness,
the current density would progressively transit from a constriction current distribution
(at z = ± l/2) to a uniform current distribution. For this reason, the total resistance of
a cylindrical a-spot is not straightforward and no simple analytic formula would provide
it as a function of a and l for the general case.
However, it has been observed that for a wide range of a and l parameters, repre-
sentative of realistic a-spots in contacts, the resistance of a cylindrical a-spot may be
very well approximated by the association in series of two terms: A cylindrical resistance
Rcyl (Ω), and a constriction resistance RHolm. The former is given by Equation 2.3, where
σa (S m
−1) is the electric conductivity of the a-spot material. The latter is related to the
resistance of the bulk material as the current lines converge to the a-spot, and can be
approximated by Holm's Equation 2.4, where σb is the electric conductivity of the bulk
material.
Rcyl =
l
σa · pi · a2 (2.3)
RHolm =
1
2 · σb · a (2.4)
Rc = Rcyl +RHolm (2.5)
Then, the analytical formula considered in this study, for the resistance of a contact
made of a single cylindrical a-spot, is given by Equation 2.5. The validity of this formula
relies on two main hypothesis. Firstly Holm's formula for the constriction resistance is
only valid if a b, where b is the size of the conductive domain. Secondly, the cylindrical
term can be approximated by Equation 2.3 only if the a-spot is not too ﬂat", meaning
that l and a are of the same order of magnitude, such that the current have enough
place" to diﬀuse from a constricted to a uniform distribution. The ﬁrst condition is very
well satisﬁed for contacts in aeronautic assemblies, but it should be kept in mind when
considering new geometries. The second hypothesis is not very constraining, because very
ﬂat a-spots are unlikely, and even in this particular case the constriction term quickly
dominates the cylindrical one. This could explain why formula 2.5 has been found to be
precise enough for many diﬀerent sets of a and l parameters.
For example, Figure 2.5 represents the total electric resistance for a-spots of thickness
l = 500 µm and with a radius a varying in the range 100 µm to 600 µm. The electric
resistance calculated with Holm's formula RHolm is represented with a black dashed curve
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Figure 2.5: Resistance of a steel a-spot at 300 K as a function of its radius a: 2D-
axisymetric simulations (Rsimulation) and Holm's theory. l = 500 µm, σ = 107 S m−1
along with the cylindrical term Rcyl (red dashed curve). It can be observed that the sum
of these two components, represented with a blue line, ﬁts exactly the 2D axisymmetric
simulations results (orange dotted line). It appears that the simple formula 2.5 remains
always very satisfying for the resistance of the a-spot for such geometries.
Naturally, with a ﬁxed thickness, the resistance of the contact decreases with the radius
since the section of the a-spot increases. Rcyl being proportional to a−2, while RHolm is
proportional to a−1, its contribution to the total resistance Rc for a given thickness l is
dominant for small radii, while for large radii the constriction resistance dominates.
We can conclude from this electrostatic study that Equation 2.5 gives a very good
estimation of the contact resistance related to this geometry. Moreover, given the uncer-
tainties on the microgeometry and the strong simpliﬁcation considering cylindrical a-spots,
a more detailed formula would bring unnecessary complexity to the model. Besides, this
simple analysis validates the fact that the contribution of the thickness of the a-spot to
the total resistance may be of the same order of magnitude and may even dominate the
constriction term. This gives conﬁdence in the fact that it should not be neglected in the
context of aeronautic contacts, as it is often the case in many models in the literature.
2.2.2 Thermo-electric coupling
The current density distributions observed in the electrostatic simulations induces a highly
non-uniform Joule heating and a temperature ﬁeld that obeys the Fourier's conduction
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law. With Joule heating, the speciﬁc internal energy of the material increases, which
modiﬁes the local properties such as the electric and thermal conductivities. The non-
uniform distribution of material properties then modiﬁes the current, the Joule heating,
and the thermal conduction ﬂuxes, as compared to the case of a uniform conductivity
of Figure 2.4. During this electro-thermal dynamics, the temperature may reach the
boiling or the melting points of the metal, leading to phase transitions and drastic changes
in the material properties. Predicting this complex coupling between the current, the
temperature, and the varying material properties is a challenging issue that has been
adressed during this PhD by developping a 2D thermo-electric solver. This section is
dedicated to the description of this solver, and to the most important simulation results
obtained for the thermo-electric response of a single a-spot. Based on these results, the
0D electrostatic model previously described is enriched to take into account the observed
vaporization dynamics.
Solving of the coupled thermo-electric temporal evolution
To solve the coupled electro-thermal phenomena in an a-spot subject to a lightning cur-
rent, an explicit temporal scheme has been considered to successively solve the current
distribution in the materials, and then the thermal phenomena related to Joule heating:
At the beginning of each time-step, the volume internal energy e (J m−3) is supposed
to be known from initial conditions or previous time-steps in each cell of the simulation
domain. The temperature ﬁeld, the transport properties, such as electric and thermal
conductivities, the thermal capacity, and the phases volume fractions are updated based
on tabulated data. Then, the electrostatic current conservation equation with Seebeck
eﬀect 2.6 is solved to compute the potential distribution:
∇ · j = −∇ · σ (∇ϕ+ S∇T ) = 0 (2.6)
where S is the Seebeck coeﬃcient (V K−1) and σ (S m−1) the updated electric con-
ductivity evaluated at temperature T . During the time-step, the corresponding Joule
heating distribution −j ·∇(ϕ + TS) (Wm−3) is computed and used as a source term in
the unsteady energy conservation equation with thermal diﬀusion 2.7 :
∂te = −j ·∇ (ϕ+ TS) +∇ · (λ∇T ) (2.7)
where λ (W m−1 K−1) is the thermal conductivity. Thermal conduction is treated with
a semi-implicit temporal scheme and the resulting linear system is solved with the same
numerical method as for the electric potential. It has been found that iterative solvers
for the resolution of the linear systems coming from the ﬁnite volume discretization of
2.6 and 2.7 may lack accuracy and have in some cases diﬃculties to converge. For this
reason, the SuperLU direct solver [57] has been used in all the presented results even if it
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is slower compared to iterative solvers due to the need to factorize the matrices at each
timestep.
This explicit coupling between electrical and thermal phenomena makes it possible
to compute the evolution of the temperature as well as phase transitions provided that
the time-step is small enough. In this study, the time-step ∆t considered is the minimum
between the thermal diﬀusion time-step, and a time-step ensuring that the volume internal
energy will never increase by more than 1 % during iterations:
∆t = min
(
∆x2
2D
, 0.01
e
∂te
)
(2.8)
where D (m2 s−1) is the thermal diﬀusion coeﬃcient. First simulations were performed
without taking into account Seebeck ﬂuxes. However, the thermal gradients obtained
in the a-spots may be as high as 109 K m−1. For metals, S is typically of the order
±10−6 V K−1, resulting in Seebeck currents of the order 1010 A m−2. This Seebeck current
value is far from negligible compared to voltage-induced current densities in a-spots lying
in the range 108 A m−2 to 1012 A m−2. Therefore this thermo-electric eﬀect has been
accounted for, even if it ﬁnally seems to have a limited inﬂuence on the presented results.
Material properties dependence with temperature
Once the new volume internal energy e is known from equation 2.7, the temperature ﬁeld
and phase transitions are updated thanks to Equation 2.9:
e (T ) = e0 +
∫ T
T0
ρcv(T )dT + ρ((Yl + Yg)Lf + YgLv) (2.9)
This equation relates e to the temperature and the mass fractions Yl and Yg of the
liquid and gaseous phases respectively. T0 (K) is the room temperature, e0 (J m−3) the
volume internal energy at T0, ρ (kg m−3) the mass density, cv (J kg−1 K−1) the speciﬁc
thermal capacity at constant volume, and Lf and Lv (J kg−1) the fusion and vaporization
latent speciﬁc heat.
The temperature dependent thermal capacity and thermal and electric conductivities
of the solid metal up to the melting point have been obtained from references [58] and
[59].
The transport properties in the biphasic regions are complex to address. Indeed,
the averaged conductivity in a cell for a phase mixture strongly depends on the spatial
distribution of their boundary inside the cell. Since this sub-cell phase distribution is not
solved by the numerical method, it should be modelled based on physical assumptions.
According to [60], if one assumes that vapor (resp. liquid) consists of spherical bubbles in
the liquid (resp. solid), which is a foam-like structure" of the two phases at the sub-cell
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Figure 2.6: Sub-cell phase boudary distribution in a bi-phasic liquid-vapor region. Inﬂu-
ence of the n parameter of Equation 2.10 [60].
scale, then the electric conductivity is given by Equation 2.10
σ12 = σ1
(
1 +
α2
α1
n
− σ1
σ1−σ2
)
(2.10)
taken from [61], and where σ1 is the electric conductivity of the liquid (resp. solid), σ2 the
conductivity of the vapor (resp. liquid), αi the volume fraction of phase i and n is a tuning
parameter. For the special case n = 1, Equation 2.10 gives a conductivity equivalent to a
pancake structure", where the two phases are attached in series, as represented on Figure
2.6. For the special case n = ∞, the two phases are attached in parallel. Intermediate
values for n correspond to more complex equivalent circuit models of two phases. In
[60], the values n = 3 and n = ∞ are considered for cooper in the biphasic liquid-vapor
region, depending on the equation of state of interest. The gazeous phase may have a
conductivity orders of magnitude lower than the liquid phase. For this reason, the case
n = 1 is much more resistive than for n = ∞. Then, the conductivity of the cell may
collapse dramatically even for a very small volume fraction of vapor. In the case of a
foam-like structure, this behaviour is quite unphysical. On the other hand, the parallel
structure allows the current to ﬂow exclusively inside the liquid while completely avoiding
the much more resistive vapor phase. The resulting conductivity varies smoothly with
the volume fraction of vapor, which seems to be much more physical for a foam structure.
In the following of this work, the parallel structure has been considered, and the
electric conductivity in the biphasic region between phase 1 and phase 2 is given by
Equation (2.11).
σ12 = α1σ1 + α2σ2 (2.11)
Such an hypothesis is reasonnable for foam-like structures and volume fractions of
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liquid larger than ' 0.5. It is known however that such a medium may be subject
to a percolation threashold if the volume fraction of liquid get too low, associated to a
fast collapse of the electric conductivity to values similar to the series structure [62][63].
However, it will be shown in the following that the vaporization dynamics of the a-spot is
extremely fast as soon as the boiling point is reached and a signiﬁcant amount of vapor
has been produced. In this context the detailed properties of the mixture for large volume
fractions of vapor is not expected to signiﬁcantly change the presented results.
Metallic vapour modelling
It has been observed that the electric conductivity decrease with the temperature for solid
and liquid state is of primary importance to accurately predict the current distribution.
However, the conductivity of the metallic vapor state is diﬃcult to estimate since in the
hypothesis of isochoric heating the pressure may reach thousands of bars, which would
imply a fast expansion, followed by a density decrease and a metal-insulator transition in
the vapor, far beyond the scope of this study [64] [65].
As a ﬁrst step, it has been assumed that the metallic vapor density decreases fast
enough so that its conductivity would always be smaller than 104 S m−1. This conduc-
tivity value represents an upper value for fully ionized iron or any metallic plasma for
temperatures of a few thousands of K between atmospheric pressure and hundreds of bars
[66]. Even with this overestimated vapour conductivity, it remains much smaller than the
conductivity of the solid phase (∼107 S m−1), and it has been observed that no signiﬁcant
current ﬂows through the gaseous phase. Then, the vaporization of the metal can be seen
as a very fast decrease of the metal conductivity where it takes place.
A-spot subject to a D-wave
The ﬁnite-volume thermo-electric model has been used to perform 2D axisymmetric sim-
ulations on diﬀerent geometries and a-spot shapes. However, in this section, the choice
has been made to focus on the vaporization of a particular cylindrical a-spot, which is
reprensentative of the complex dynamics observed in most simulated cases. An a-spot of
thickness l = 400 µm, and a radius a = 400 µm has been considered.
The mesh is 420 cells in z direction and 400 cells in the r direction for a total of 168 000
cells. A geometric progression with a 1.12 ratio is used in both directions resulting in
rectangular cells with a minimum size of 0.5 µm.
The applied current is a normative bi-exponential D-wave current waveform. The
current value at any time is given by Equation 2.12
I(t) = A (exp (−αt)− exp (−βt)) (2.12)
where A = 109405, α = 22708, β = 1294530. As shown on Figure 2.7, the current
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Figure 2.7: Evolution of the current value of a D-wave used in the simulations.
increases almost linnearly in the ﬁrst microseconds, then reaches a maximum of 100 kA
at t = 3.6 µs [30].
Figure 2.8 shows the temperature distribution and the current density lines at diﬀerent
times to illustrate the heating dynamics and the melting of the a-spot.
A black line, identiﬁed by a black arrow, tracks the points where the metal temperature
has reached the melting point and where the bi-phasic solid-liquid region begins. Another
black line (red arrow), tracks the end of the solid-liquid region, where the metal is fully
liquid and the temperature starts to be higher than the melting point. All the melting
dynamics take place at the very beginning of the D-wave (t < 0.5 µs, I < 50 kA), for which
the lightning current is rising almost linearly starting from 0 A, as shown on Figure 2.9
(thin black line).
At t=370 ns, it can be seen on Figure 2.8 that the temperature ﬁeld is quite homo-
geneous in the a-spot, but that a fusion front ignites in the corners of the a-spot. Before
melting, two diﬀerent phenomena may explain the uniform temperature distribution de-
spite this non-homogeneous current density distribution tendency observed in permanent
state: the thermal diﬀusion and the electric conductivity decrease with temperature.
The later eﬃciently prevents the current density to keep ﬂowing in regions with higher
Joule eﬀect and temperature, and facilitates the homogenization of the temperature ﬁeld,
whereas thermal diﬀusion tends to reduce thermal gradients. This homogeneous heating
phase lasts for 370 ns, but the following melting dynamics is much faster.
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Figure 2.8: Sliced view of the temperature distribution and current density lines in a
cylindrical a-spot (a = 200 µm, l = 400 µm ) subject to a D-wave during the melting
phase. Black curves indicate the limits of the solid-liquid bi-phasic region with pure solid
state (black arrow) and with pure liquid state (red arrow).
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Figure 2.9: Evolution of the electric resistance of an a-spot of thickness l = 400 µm and
initial radius of 200 µm during the early stage of a D-wave lightning current (thin blue
line). Comparison between the 2D-axisymmetric thermo-electric simulations and the 1D
analytic model.
In less than 3 ns, the two fusion fronts that started in the corners have merged and
the resulting fusion front starts to propagate from the rim of the a-spot to its center. At
t = 384 ns, most of the a-spot is in the solid-liquid bi-phase region and the volume of
liquid metal is growing from the corners. A liquid front starts to propagate to the center
1 ns later and the a-spot is fully melt at t = 400 ns.
Figure 2.10 shows the following vaporization dynamics of the a-spot. At t = 425 ns,
while the a-spot is entirely liquid, the metal starts to boil in the corners of the a-spot,
where the beginning of the bi-phasic liquid-vapour region is delimited by black curves
highlighted by blue arrows. At t = 441 ns, the two boiling fronts starting from the corners
merge and form a front at the periphery of the a-spot that propagates to the center. At
t = 443 ns, the boiling front as reached the symmetry axis and at t = 500 ns the a-spot
is fully boiling in the bi-phasic liquid-vapour region. At the same time, a vaporization
front starts at the corners of the a-spot as shown by the black curves highlighted by green
arrows that track the beginning of the fully vaporized metal. These two vaporization
fronts propagate directly from the corners to the center in less than 48 ns. Due to the
very low conductivity of the vapour, the propagation of the vaporization fronts induces a
fast constriction of the current lines.
The highlighted material dynamics have consequences on the contact resistance. Dur-
ing the ﬁrst 300 ns, the decreasing conductivity of the a-spot with temperature results in
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Figure 2.10: Vaporization phase following the melting phase presented in Figure 2.8.
Black curves indicate the limits of the biphasic regions: solid-liquid with pure solid and
pure liquids (black and red arrows respectively), and liquid-vapour with pure liquid and
pure vapour (blue and green arrows respectively).
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Figure 2.11: Evolution of the radius of a steel a-spot of thickness 400 µm subject to a
D-wave current: pseudo-analytic model and 2D simulations.
an increasing resistance as can be seen on Figure 2.9 (red dotted line). Then, the resis-
tance increases more slowly due to the beginning of the fusion dynamics that consumes
most of the injected energy in latent heat of fusion, without increasing the temperature
and altering the conductivity. However, the total resistance of the a-spot increases expo-
nentially at around t = 500 ns with the beginning of the vaporization front. This very
fast resistance increase due to the constriction of the current lines can be interpreted as
a fast decrease of the conduction radius of the a-spot.
Deﬁning the conduction radius during vaporization is not straightforward due to the
highly non-homogeneous current density and vaporization front. To address this uncer-
tainty, two conduction radii have been considered. The ﬁrst one is deﬁned as the minimum
radial position where a fully vaporized metal can be found in the a-spot. Intuitively, it
is reasonable to assume that this vapour region locally induces a strong constriction of
the current lines that controls the total a-spot resistance. Since the conductivity given
by Equation 2.11 in the biphasic liquid-vapour region sharply decreases with the growing
volume fraction of metallic vapour αg, a second conduction radius has been deﬁned as the
minimal radial position in the a-spot where the volume fraction of vapour is αg = 0.5.
This radius gives an lower bound estimate for the conduction radius. These two radii are
shown on Figure 2.11 as a function of time.
The red dashed line shows the evolution of the conduction radius deﬁned with the full
vaporization criteria (αg = 1), while the blue dotted line shows the evolution of the radius
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deﬁned with the half vaporization criteria (αg = 0.5). Consistently with Figure 2.10 and
Figure 2.9, at ﬁrst, these two radii slowly decrease between 400 ns and 500 ns, correspond-
ing to the beginning of the bi-phasic liquid-vapour region. Then, a very fast collapse
in less than 50 ns can be observed resulting from the vaporization fronts ignited at the
periphery of the a-spot and converging to its center.
This fast collapse of the conduction radius of the a-spot as soon as a vaporization front
has ignited on its rim has been observed in many simulations with diﬀerent shapes and
dimensions, and even taking into account additional physical process such as radiative
losses. Then it seems to be a quite general dynamics that barely depends on the detailed
geometry of the a-spot. The main reason is probably the dominance of the following
thermo-electrical instability: The current density and the Joule heating reach their max-
imum somewhere on the rim of the a-spot due to geometric eﬀects, no matter its precise
shape or size. Then a vaporization front propagates from the periphery to the center of
the a-spot, resulting in a decreasing conduction radius, and an increasing electrical resis-
tance. This resistance increase due to vaporization cumulates with the increasing current
of the D-wave and the temperature decreasing conductivity of the material, leading to an
even faster vaporization rate.
2.3 0D simpliﬁed model
The computational cost needed to perform the 2D axisymmetric simulations presented
in the previous section does not allow to consider a parametric study on a realistic 3D
surface made of hundreds of a-spots. At ﬁrst, the modelling strategy under consideration
was to run many instances of the sequential 2D thermo-electric solver on many processors,
each with a particular a-spot geometry. Then, to model the aﬃliation of these a-spots
to the same contact, parallel instructions would have been implemented to ditribute the
total imposed current between the diﬀerent a-spots.
However, even with this modelling strategy a parametric study would have been com-
putationnaly expensive and the interactions between the a-spots much more complex to
implement. For that reason, the possibility to simulate the complex thermo-electric dy-
namics of an a-spot with a simple and much less computationnaly demanding approach
has been investigated.
The main requirement for such an approach is to deliver good qualitative estimates of
several parameters of interest: the size of the a-spot, its internal state (temperature, liquid
or gaseous volume fractions) and the corresponding electrical resistance. To match these
requirements, the 0D electrostatic model of a cylindrical a-spot has been enhanced with
a thermo-electric model that relies on hypotheses formulated based on the 2D simulation
results.
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Besides, it has been found that the mechanical response of the a-spots to a tightening
force is of primary importance in the context of aeronautic contacts. Then, a simple
mechanical model has been added to the 0D thermo-electric model, and the eﬀect of the
tightening force on a single a-spot contact have been emphasized.
2.3.1 Thermo-electric model
The thermoelectric 0D model is described in this section, and has been developed based
on the 2D thermo-electric numerical simulations previously described. The following
hypotheses have been made :
• The a-spot geometry is assumed to be cylindrical, characterized by a radius a and
a thickness l.
• The total resistance of the a-spot is given by formula 2.5, with a constriction term
RHolm, and a cylindrical term Rcyl.
• The constriction resistance is given by Holm's formula 2.4, and the cylindrical term
by formula 2.3.
• The Joule power dissipated into the a-spot by the current I(A) is given by Rcyl · I2.
• If the temperature of the a-spot T is lower than the boiling point Tv, the power is
distributed homogeneously and so rises the temperature following Equation 2.13:
pi · ρ · l · a2 · cv · ∂tT = Rcyl(a) · I2 (2.13)
where cv (J kg−1 K−1) is the speciﬁc heat capacity.
• If T = Tv the Joule heating generates a vaporization front going from the a-spot pe-
riphery to its center, and the evolution of the a-spot radius is given by the diﬀerential
Equation 2.14:
2pi · ρ · l · a · ∂ta = Rcyl(a) · I
2
Lv
(2.14)
where Lv (J kg−1) is the speciﬁc latent heat of vaporization.
• The metallic vapour has a zero conductivity.
• In the bi-phase regions (T = Tf and T = Tv), the electric conductivity is given by
Equation 2.11.
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The ﬁrst three hypotheses are similar to the geometric and electrical simpliﬁcations
used in the 2D simulations. The comparison of the values given by the analytical formulas
and the values given by the simulations, presented on Figure 2.5, gives conﬁdence in this
electrical simpliﬁcation.
In the fourth hypothesis of the model, Holm's resistance has been ignored for the
Joule heating estimate since it is related to the constriction of the current lines in the
bulk material, and does not participate to the temperature increase inside the a-spot,
which is only due to the cylindrical resistance. Moreover, 2D numerical simulations have
revealed that the Joule heating due to the constriction resistance has a negligible inﬂuence
compared to the Joule heating inside the a-spot, since no signiﬁcant temperature increase
has been observed in the bulk material. This is consistent with Holm's theory, according
to which the Joule heating decreases in z−4, where z is the distance from the constriction
(see Figure 2.3). Besides, considering the thermal diﬀusivity of steel D ' 13× 10−6 m2 s−1
and the characteristic pulsation of a lightning current ω ' 106 s−1, the thermal signal
penetration thickness δ =
√
2D
ω
is of the order 10 µm. Then thermal losses due to thermal
diﬀusion from the a-spot to the bulk material can be ignored as a ﬁrst approximation, as
shown by the 2D simulations. To summarise, a-spots are considered adiabatically isolated
from the bulk material during the time of a lightning stroke.
The ﬁfth hypothesis corresponds to the rather homogeneous temperature increase ob-
served with the 2D axisymmetric simulations until the boiling starts. On the other hand,
the sixth hypothesis corresponds to the observation that once the boiling temperature has
been reached, the ignition of a vaporisation front occurs very fast. Instead of trying to
model the complex front dynamics observed in Figure 2.10, it has been considered that all
the power dissipated by Joule heating during this phase was used to vaporize the metal
at the periphery of the a-spot.
In Equations 2.13 and 2.14, Rcyl non-linearly depends on the temperature T and the a-
spot radius a respectively. Moreover, the material properties cv and σ are also non-linearly
temperature dependent. As a consequence, these two non-linear ordinary diﬀerential
equations cannot be solved analytically and a numerical integration is required. For this
purpose, a simple explicit time integration scheme with a Runge-Kutta method or any
ODE solver can be employed.
The two last hypotheses are the most questionable since they are related to the electric
conductivity in the vapour and in the liquid-vapour biphasic regions. As for the 2D
simulations, it has been assumed as a ﬁrst step that no current ﬂows through the vapour,
and that the two phases are well mixed in the bi-phasic region. In Chapter 5 the eﬀect
of the vapour will be addressed more precisely, but as a ﬁrst approximation it has been
considered that boiling can be seen as a fast decrease of the conductivity.
Figure 2.9 and Figure 2.11 show respectively the evolution of the resistance and the
radius of a 200 µm steel a-spot subject to a D-wave current. The results from this pseudo-
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analytic 0D model are compared to the 2D axisymmetric simulation results previously
described. Both models predict similar dynamics: the a-spot vaporization occurs very
fast, in less than 0.6 µs. This is due to the increase of the resistance as the a-spot is
vaporized, and simultaneously to the increase of the current, that results in an increase of
the Joule eﬀect and the vaporization rate. The two models seem to predict the beginning
of the vaporization at around 0.45 µs, which means at the very beginning of the D-wave.
This is a strong indication that when a lightning current is ﬂowing through an assembly
with many electric contacts, current redistribution phenomena may take place on very
short time-scales.
The diﬀerences in the radius evolution between the two models are mainly due to
the hypothesis of a vaporization front in the analytical model, that over simpliﬁes the
complex vaporization dynamics observed in the 2D simulations. However, considering the
uncertainty of the model, and the geometric approximations necessary for the description
of realistic contacts, the agreement seems more than enough for this 0D thermo-electric
model.
2.3.2 Mechanical tightening model
An important phenomenon, not taken into account in the 2D axi-symmetric simulations
has to be included in the 0D model for the special case of electric contacts subject to
a mechanical load: the mechanical ﬂattening of the a-spot due to the tightening force.
This mechanical response is rather complex in general because a-spots can be subject
to large mechanical deformations, leading to large modiﬁcations of their shape and size.
Moreover, due to the fast temperature increase inside an a-spot, the mechanical properties
of the material may evolve dramatically. More precisely, it is well known that the Young
modulus and the yield strength decrease with temperature for metals and that a fast
collapse occurs near the melting point [67].
To simulate the mechanical response of a realistic contact to a varying mechanical
load, S. Schoft has considered in [40] that the asperities of the surfaces in a contact have
initially, before tightening, a spherical shape. He then used 3D FEM (Finite Element
Method) mechanical code to press two spheres against each other until a given separating
distance d between the centers of the spheres is obtained, referred to as the tightening
separation. Thanks to these mechanical simulations, the physical contact area between the
spheres and the mechanical reaction force for a given set of constant material properties
have been analytically ﬁt as a function of the radius of the spheres and their separating
distance d. In [40], those analytical ﬁts have been used to ﬁnd the proper tightening
distance for which the mechanical reaction force is equal to a given tightening load, and
then to deduce the a-spots radius and the electrical resistance.
3D FEM mechanical simulations are able to catch precisely the detailed mechanical
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response of an a-spot subject to a given load [68], but they still rely on important ge-
ometric simpliﬁcations. Moreover, the numerical cost of these simulations is way too
large to be used in a simple contact model with many a-spots. The strategy adopted by
Schoft is restricted to an electro-mechanical coupling, useful to study the dependence of
the contact resistance with the tightening force. However, deriving analytical ﬁts that
take into account thermal phenomena such as vaporization and temperature dependent
conductivities would be much more complex.
2.3.3 Mechanical tightening of a cylindrical a-spot
The strategy adopted here is to use a simple mechanical model that is compatible with
both electric and thermal phenomena. The main drawback of spherical a-spot models
is the large deformations that can be obtained at high tightening force, or when the
temperature increases signiﬁcantly, that may change their shape. For this reason, any
model relying on the spherical a-spot hypothesis would fail after a too large mechanical
crushing. On the other hand, cylindrical a-spots do not suﬀer this limitation because the
cylindrical geometry is preserved even for large mechanical deformations. The hypothesis
of a uniform heating up to the boiling point and then a vaporization front propagating
from the periphery to the center also conserves the cylindrical geometry.
As a result, a simple mechanical model for cylindrical a-spots has been derived based
on the following hypotheses:
• A quasi-static mechanical equilibrium is assumed at all time: F = pi · a2 · σ, where
F (N) is the tightening force, and σ (Pa) the mechanical stress.
• The constraint σ follows an elastoplastic deformation law characterized by a yield
limit σy (Pa), a Young modulus E (Pa) and a creep exponent n.
• The cylindrical shape is maintained during tightening.
• In the elastic region (σ < σy), we neglect the eﬀect of the Poisson coeﬃcient and
the radius of the cylindrical a-spot is kept constant. The constraint σ is given by
Hooke's law: σ = E · . The strain  is simply given by  = l/l0, where l0 is the
initial thickness of the a-spot.
• In the plastic region (σ > σy), the volume is conserved: the a-spot radius increases
when its thickness decreases due to the tightening force. The constraint increases
by creep.
The ﬁrst hypothesis is questionable since the time-step required in the 2D simulations
to catch the thermo-electric evolution is of the order 1 ns. Considering the speed of sound
in iron, the mechanical wave displacement would be around 5 µm for such a time-step,
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Figure 2.12: Stress-strain proﬁles obtained when applying an increasing load on a cylinder
a-spot, for diﬀerent temperatures.
which is smaller than the characteristic scales of large a-spots (∼100 µm). However,
a mechanical equilibrium every 20 ns is in this case reasonable, which is quite smaller
than the characteristic time-scale for the resistance and radius evolution of an a-spot
before vaporization (see Figure 2.13). Taking into account out-of-equilibrium mechanical
eﬀects, such as inertia eﬀects, ﬁnite speed of sound or strain-rate dependent stress in the
material would possibly bring some high frequency dynamical eﬀects in some particular
cases (large a-spots). It is however not expected to dramatically change the numerical
results presented hereinafter, that occur on larger time-scales. In future works, it would
be interesting to focus on these aspects into more details, which would require using a fast-
dynamics software, and derive simple analytical formulas as in [40]. Such a work is beyond
the scope of this study, and given the uncertainties on the geometry, the quasi-static
mechanical equilibrium hypothesis seems to be rather reasonable as a ﬁrst approximation
to catch the most important mechanical eﬀects.
The fourth hypothesis is a simpliﬁcation that does not aﬀect signiﬁcantly the presented
results, since most of the a-spot ﬂattening and radius evolution occurs in the plastic region.
2.3.4 Thermo-mechanical coupling
The material properties (Young Modulus, yield strength and plastic creep) are functions
of the temperature, following a Johnson-Cook law [69]. The temperature dependant
parameters of this law are taken from NIST databases for high resistance steel [70].
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Figure 2.12 shows the stress-strain relationship observed when applying an increasing
load on a given steel cylinder, for diﬀerent given temperatures. A typical elastic region
is followed by plasticity, where the yield strength increases by creep action. As can
be expected, the Yield modulus and yield strength of a metal decrease with increasing
temperature.
To couple this simple mechanical model with the thermo-electric 0D model described
previously, a new mechanical equilibrium is computed for the a-spot at the end of each
time-step, based on the updated mechanical properties to take into account the temper-
ature evolution. The mechanical load is given as an input, and the tightening distance
is computed with a dichotomy method in order to reach equality between the tightening
force and the material reaction.
2.4 Parametrical study
In this part, the 0D a-spot model is used to perform a parametric analysis for a single
a-spot contact subject to a D-wave current waveform. The initial radius of the a-spot
is emphasized, and two very diﬀerent situations are considered: contacts in the presence
of a tightening force, and contacts with a zero tightening force, which means a constant
tightening distance. These two situations should be viewed as limit cases for a wide
range of conﬁgurations that may be encountered in actual electric contacts in aeronautic
assemblies. It is for example possible in practice, that a tightening force exist but linearly
decrease with the tightening distance. An other interesting situation may be encountered,
where the load is distributed between diﬀerent parts, or between the a-spots of a contact
and an interface insulating layer. In this case the load would be for example exclusively
held by the a-spots at the beginning, but as soon as the tightening distance decreases and
other parts come into play, the load on the a-spots would diminish and the tightening
distance converge to a value where all the load is supported by isolating surfaces.
Given the very diﬀerent dynamics observed in the two limit cases, it is very important
when considering a contact in an assembly, to ﬁrst examine the geometry and all operating
forces, in order to determine in which situation is the contact of interest. For example, the
constant tightening force may be representative of a contact between a screw and a bolt,
due to the presence of large mechanical constraints. On the other hand, the case with
constant separating distance may be representative of a contact induced by an alignment
defect between two parts.
A particular attention is made on the initial resistance of the diﬀerent contacts consid-
ered. Indeed, this initial electrical resistance corresponds to the resistance of the contact
when the materials are at the room temperature, and when the current is low enough
such that no non-linear phenomena take place. This low-level resistance", can be deter-
mined experimentally in a reliable way, for example using a micro-ohmmeter, or imposing
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a low current level in the assembly to ensure a negligible Joule heating, and making use
of voltage probes. The initial, low-level resistance may be predicted by the 0D thermo-
electro-mechanical model given the initial a-spot radius and a given tightening force.
2.4.1 Single a-spot contact with constant thickness
A zero tightening force means a constant distance between the two parts in contact, since
no gravity or other acceleration sources are considered in this model. In the case of a
single a-spot contact, all the injected current ﬂows through the a-spot and the tempera-
ture increase can only lead to an increase of the electrical resistance of the contact: As
previously shown by 2D simulations, in the case of a 200 µm a-spot (see Figure 2.9), there
is ﬁrst an increase of the resistance due to the conductivity decrease with temperature and
then an exponential growth due to the vaporization dynamics that results in the collapse
of the a-spot radius.
The 0D model described previously is able to catch the inﬂuence of the initial radius
as shown on Figure 2.13 and Figure 2.14, that represent the evolution of the radius and
electrical resistance of contacts with diﬀerent initial a-spot radii of 150, 200, 250, 300 and
350 µm, but with a total initial resistance of 1 mΩ in all the cases. This value was
chosen so that it be in the order of magnitude of the resistances measured in aeronautical
assemblies.
In order to keep the total resistance unchanged while varying the a-spot radius, it is
necessary to change the thickness l of the a-spot (cf. Equations 2.4 to 2.1). Then, for a
given contact resistance, a-spots with a larger initial radius also have a larger thickness,
and a much larger volume than a-spots with a small radius. The time necessary to
reach the boiling point and the total vaporization of an a-spot being proportional to its
surface, a-spots with larger radii last longer than a-spots with smaller ones, as shown
on Figure 2.13. In fact, the radii evolutions depicted on Figure 2.13 depend on the total
injected current, but do not depend on the initial total resistance of the contact: a diﬀerent
contact resistance for these particular a-spot radii would simply lead to a modiﬁcation of
their thickness. However, the ratio between the Joule heating and the volume of an a-spot
is independent of its thickness, and so are the temperature evolution and the vaporization
dynamics.
Consistently, Figure 2.14 reveals that starting from a same initial resistance, contacts
with a smaller a-spot radius sustain much less current than contacts with larger ones,
meaning an earlier and faster resistance increase.
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Figure 2.13: Evolution of the radius of a cylindrical steel a-spot subject to a D-wave for
diﬀerent initial a-spot radii a0, assuming their length is constant and leading to the same
initial resistance of 1 mΩ.
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Figure 2.14: Evolution of the resistance of a cylindrical steel a-spot subject to a D-wave
for diﬀerent initial a-spot radii a0, assuming their length is constant and leading to the
same initial resistance of 1 mΩ.
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2.4.2 Single a-spot contact with mechanical load
In this section, we put emphasis on the inﬂuence of a tightening force on the response
of a single a-spot contact. A ﬁxed a-spot geometry before tightening is considered with
a radius of 200 µm and a thickness of 400 µm. Four tightening forces are considered:
1 N, 10 N, 100 N and 1000 N. The latter is well representative of the load that may be
present on the fasteners in aeronautic assemblies. Once again, the contact is subject to
a D-wave current, but this time, the separating distance between the two parts, which
is the thickness of the a-spot, is updated at each time-step to maintain the mechanical
equilibrium condition: the reaction force of the a-spot, which is the product of the stress
by the a-spot surface, is always equal to the applied load F (N).
The time evolutions of the a-spot radius and thickness in the contact for the diﬀerent
tightening forces are depicted on Figure 2.15 and Figure 2.16 respectively. At t = 0 µs, it
can be observed that the largest tightening force leads to a larger initial a-spot radius and
a smaller a-spot thickness after tightening due to the mechanical crushing: For 1000 N,
the radius has evolved from 200 µm to 550 µm and the thickness from 400 µm to 50 µm
during tightening, while the geometry remains almost unchanged for the three other cases.
This geometric modiﬁcation of the a-spot due to tightening leads to diﬀerent initial
contact resistances, as can be observed on Figure 2.17, showing the evolution of the
contact resistance for the diﬀerent loads. At t = 0 µs, the well-known decreasing contact
resistance with increasing tightening force [40] is observed, with 0.6 mΩ for F = 1 N and
0.125 mΩ for F = 1000 N.
As the temperature in the a-spot increases due to Joule heating (see Figure 2.18), the
Young modulus and the yield strength of the material decrease. As a consequence, the
stress in the material decreases with the temperature and the only way to maintain the
mechanical equilibrium is to increase either the strain  or the a-spot radius. In the elastic
regime, the radius is kept constant and the increasing strain during crushing allows main-
taining the stress and the reaction force constant despite the decreasing Young modulus.
In the plastic regime, the decreasing stress is mainly compensated by an increasing a-spot
surface.
On Figure 2.15 and Figure 2.16, it can be observed that during the ﬁrst 0.3 µs the a-
spot radius is constant but the thickness of the a-spot decreases which corresponds to the
elastic deformation regime. At 0.4 µs, the elastoplastic transition can be clearly observed
that results in a fast collapse of the a-spot thickness and a simultaneous increase of the
a-spot radius for the 1 N, 10 N, and 100 N cases. This mechanical spreading of the a-spot
radius due to the temperature increase has already been observed experimentally in [71]
for a single contact spot subject to smaller current levels but during much larger time-
scales, and appears to be very important to predict the correct maximum temperature
in the materials. For F = 1000 N, no signiﬁcant evolution of the a-spot geometry is
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observed: The initial crushing of the a-spot due to the tightening force has decreased
the contact resistance so much that Joule heating is not enough in this case to increase
the temperature signiﬁcantly and to generate the collapse of the mechanical properties.
Indeed, the maximum temperatures that can be observed on Figure 2.18 at t = 0.4 µs are
1800 K, 1700 K, 900 K and 400 K for F = 1 N, 10 N, 100 N and 1000 N respectively. As can
be seen on Figure 2.12, the mechanical properties of steel seem to quickly collapse above a
critical temperature T ∼ 700 K, which is consistent with the observed contact dynamics.
For all the simulated cases, it appears that because of the mechanical ﬂattening, the
temperature never reaches the vaporization threshold, contrary to the cases with zero
tightening force.
For F = 1000 N, the contact resistance is almost constant during the D-wave, while
for smaller forces the resistance exhibits an exponential growth until a maximum near the
elastoplastic transition always located at t = 0.4 µs. The exponential growth is due to the
decreasing conductivity with temperature, and is always followed by a fast decrease of
the reisistance due to the ﬂattening dynamics of tha a-spot. Interestingly, for the lowest
mechanical load, the exponential growth is exactly similar to the growth obtained with a
zero tightening force (see Figure 2.14), as long as the temperature stays well below the
fusion threshold.
The maximum resistances observed on Figure 2.17 seem higher for smaller tightening
forces, and the ﬁnal resistance values obtained at t = 1 µs are then lower than in the
1000 N case.
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Figure 2.15: Evolution of the radius of a single a-spot contact subject to a D-wave current
and four diﬀerent constant tightening forces. The initial radius before tightening is a0 =
200 µm and the thickness l0 = 400 µm.
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Figure 2.16: Evolution of the thickness of a single a-spot contact subject to a D-wave
current and four diﬀerent constant tightening forces. The initial radius before tightening
is a0 = 200 µm and the thickness l0 = 400 µm.
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Figure 2.17: Evolution of the resistance of a contact a-spot of initial radius a0 = 200 µm
and thickness l0 = 400 µm during a D-wave under constant mechanical load.
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Figure 2.18: Evolution of the temperature in a single a-spot contact subject to a D-wave
current and four diﬀerent constant tightening forces. The initial radius before tightening
is a0 = 200 µm and the thickness l0 = 400 µm.
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2.5 Conclusion
The 0D a-spot model presented in this study relies on geometric and physical simpliﬁca-
tions that make it possible to solve rapidly the complex thermal, electrical and mechanical
coupling that controls the evolution of a single a-spot subject to large current values rep-
resentative of lightening stroke conditions.
For zero tightening forces, the thickness of the a-spot is kept constant, and the 0D
model matches the 2D axisymmetric simulation results. In this case, a-spots subject to
large currents may be completely vaporized, resulting in a fast increase of the contact
resistance as soon as the boiling point is reached.
On the other hand, a tightening force may induce a mechanical ﬂattening of the
a-spot that prevents vaporization and lead to a non-monotonous resistance evolution:
First, the resistance increases due to the Joule heating and the temperature decreasing
conductivity of the material. A maximum resistance is reached when the temperature-
dependent mechanical properties of the material start to collapse. This maximum contact
resistance is then followed by a fast decrease due to the mechanical crushing of the a-spot,
characterized by an increasing a-spot radius and a decreasing thickness.
This simpliﬁcation of the description of the evolution of a single a-spot subject to
a D-wave was aimed at providing a model that can be applied to a large number of a-
spots, more representative of a realistic contact. The 0D model proposed was satisfying
and eﬃcient enough to consider such parametric studies. However, considering a-spots in
parallel brings complex current distribution phenomena as well as mechanical behaviours
that need to be assessed. An interaction model is then required, which is the purpose of
the next chapter.
Chapter 3
Multiphysical modeling of multi-spot
contacts
The purpose of this short chapter is to present how the multi-physical model of single
a-spot contacts described in the previous chapter can be extended to contacts with sev-
eral a-spots. This extension is not straightforward because of the diﬀerent interaction
phenomena between the a-spots. Three of them have been considered in this study.
The ﬁrst one is the electrostatic interaction. The constriction resistance of an a-spot
is related to the concentration of the current lines as the current diﬀuses from the bulk
material to the a-spot. For a given voltage drop between the contact members, the total
current ﬂowing through a single a-spot decreases with a smaller radius, because of this
concentration of the current lines. For two a-spots in parallel and for a given voltage
drop, the total current also decreases when the a-spots are close to each other, because
the current is distributed between them. Electrostatic interactions induce a local voltage
around each of the a-spots that is lower than if they were far from each other, and therefore
less current ﬂows in each of them. This eﬀect corresponds to an additional interaction
term of the total contact resistance, that needs to be addressed.
The second interaction is related to current redistribution due to electrodynamic ef-
fects, such as capacitive currents in the contact, or inductive eﬀects, that may play a
signiﬁcant role during the fast, transient current pulse of lightning stroke.
The third one is related to mechanical eﬀects: if a tightening force is applied on a
multi-spot contact, it should equal the sum of the individual loads sustained by each a-
spot. Because these a-spots may diﬀer in shape and size, their individual load may diﬀer
signiﬁcantly from one a-spot to another, as well as their ﬂattening dynamics. This may
results in redistributions of the applied force, leading to a strong mechanical interaction.
Moreover, as the tightening distance decreases, micro-peaks on the surface that were
initially too small to interfere with the mating surface may form new a-spots, leading to
further current redistributions and interactions with other a-spots.
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In this chapter, to address the complexity related to multi-spot contacts, a short
theoretical review and 3D electrostatic simulations are ﬁrst presented to study into details
the electrostatic interaction between a-spots. Electrodynamic eﬀects are emphasized, as
well as mechanical eﬀects. Then, the selected modelling hypothesis are listed and a
simple equivalent circuit model for a multi-spot contact is described. Finally, to examine
the multi-spot dynamics in a very simple conﬁguration, a contact with two micro-peaks
is presented.
3.1 Interactions between a-spots
3.1.1 Electrostatic interactions
Analytical estimates of the electrostatic interaction term
Following on from the electrostatic analytical model for the resistance of a single a-spot,
Holm [38] gives a method to approximate the resistance corresponding to a cluster of n
uniformly distributed a-spots, all having a circular shape and the same radius a. Moreover,
this cluster is supposed to have of radial extension r, as represented on Figure 3.1. In this
case the resistance of the cluster is given by Equation (3.1)
RAr =
1
pinaσ
arctan
√
l2 − a2
a
− 0.3
√
l2 − a2
σnl2
+
1
2σr
(3.1)
where l is half the average distance between two a-spots. If l is suﬃciently large
compared to a, this formula can be reduced to
RAr =
1
2naσ
+
1
2σr
(3.2)
This formula is interesting, since it can be easily seen that the ﬁrst term is related
to the resistance of n constrictions in parallel, which is the expected resistance in the
absence of electrostatic interactions between the current lines in the bulk material. Then
the second term is representative of the electrostatic interactions between the a-spots. It
corresponds to Holm's formula for the constriction resistance between the bulk material
and the cluster of radius r, a radius that must be understood as an empirical parameter
more than as the reality of a geometry.
Supposing l  a, the resistance is then approximatively the constriction resistance
from the bulk to the the cluster in series with the resistance of n parallel constriction
resistances from the cluster to the a-spots. The hypotheses assumed in this approach are
questionable, but this method provides an understanding of the origin of the additional
interaction resistance.
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Figure 3.1: Schematic view of a cluster of circular a-spots of radius r and with half average
distance between the a-spots l
A widely accepted extension of Holm's work is Greenwood's formula (3.3), presented
in [72], that estimates the resistance of a contact made of several a-spots in parallel:
Rc =
1
2σ
∑
ai
+
1
piσn2
∑
i 6=j
∑ 1
dij
(3.3)
In this equation n is the number of a-spots, ai is the radius of the ith a-spot, and
dij the distance between the centres of the a-spots i and j. The ﬁrst term is simply the
resistance obtained by using Holm's formula for the a-spots in parallel. The second term
is related to the interference of the current lines when a-spots are close to each other, and
depend on the relative distances.
The demonstration of this formula is more sophisticated and more rigorous than
the simple method proposed by Holm. Contrary to Holm's formula for a cluster of a-
spots (3.2), it does not rely on an empirical radius r and no hypothesis is made on the
size of the a-spots.
Greenwood's formula can be viewed as a generalisation of Holm's work. Unfortunately,
the precise values of the distances dij between the a-spots in an actual contact are inac-
cessible. On the other hand, if the distances dij are large enough, then the interaction
term can be neglected, and the total resistance is then simply the resistances of all the
a-spots in parallel. To determine in which conditions such an hypothesis is reasonable, a
special eﬀort has been made to study the interaction of several a-spots in 3D.
3D electrostatic simulations of several a-spots
The response of a single a-spot to high current levels is closely related to the spatial dis-
tribution of the current density and the Joule power. Besides the eﬀect of the interaction
of the current lines on the overall resistance, the question arises whether the distribution
of current density inside a-spots can be signiﬁcantly modiﬁed by the presence of other
a-spots in its neighbourhood. If the a-spots are very distant from each other relatively to
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their size, they can be considered as well separated, and the Holm's theory is valid. On
the contrary, if they are close enough, the current lines going through them will interfere
in the bulk material. To study into more details this purely electrostatic interaction be-
tween several a-spots, 3D numerical simulations have been performed with Code_Saturne
[28], the EDF's open source CFD code, solving the current conservation equation (2.1)
with a ﬁnite volume method in parallel.
Figure 3.2 shows a sliced view of the current density and the current lines going through
two cylindrical aluminium a-spots having the same radius of 200 µm and a thickness l =
80 µm. It can be observed that the current lines between the two a-spots are inﬂuencing
each other, resulting in the additional interaction resistance of Greenwood. Figure 3.3
shows the evolution of the electric resistance as a function of the separating distance
between the two a-spots.
It seems clear that as soon as the distance between the a-spots is higher than about 20
times their radii, the resistance as converged to a threshold, meaning that the interaction
becomes negligible, consistently with Holm's and Greenwood's models. The same conclu-
sion arises looking at the Joule power distribution: when the distance between the a-spots
is small, the current density and the Joule power distributions are modiﬁed compared to
the axisymmetric distribution of an isolated a-spot, with reinforcements on the outer edge,
and a screening eﬀect on the inner edge (see Figure 3.3). This result has also been observed
on 4 a-spots simulations, and it could have a signiﬁcant inﬂuence on the thermo-electrical
response of the contact if they are close enough. However, this eﬀect on the distribution
of current and Joule power quickly disappears with the separating distance: It can be
observed on Figure 3.3 that purely axisymmetric Joule-power distributions are recovered
when the separating distance is about 5 times the a-spot radius.
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Figure 3.2: Sliced view of the current density proﬁle and the current lines in two a-spots
in parallel.
Figure 3.3: Total resistance of a two-spots contact and Joule power distribution as a
function of the separating distance.
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3.1.2 Electrodynamic interactions
If many a-spots of diﬀerent size are present in a contact, the question arises whether
the current distribution between them simply follows a resistive distribution, or whether
inductive or capacitive eﬀects may play a role. To evaluate inductive eﬀects, it is useful
to compare the typical size of the a-spots to the skin depth δ (m), given by Equation (3.4)
δ =
√
1
piσµf
(3.4)
where f (Hz) is the frequency, µ (H m−1) the magnetic permeability and σ (S m−1)
the electric conductivity. In the context of the pulsed arc phase of a lightning stroke,
the maximum frequency is of the order 1 MHz. For steel (σ = 107 S m−1), it gives
δ ' 160 µm. In [73], it is reported from several numerical studies based on FEM (Finite
Element Method) simulations that the inductive eﬀect in an a-spot is dominant above a
critical radius ac = 8 δ. With the skin depth previously calculated, it can be assumed
that as long as the radius of the a-spots is smaller than ac ' 1.3 mm the inductive eﬀects
can be neglected as a ﬁrst approximation.
The resistive description of the a-spots seems reasonable but should be questioned
when considering the current redistributions between the a-spots, especially when the
separating distances between them are larger than ac. Moreover, it will be shown in the
next chapters that the characteristic redistribution time-scales of the current between the
a-spots during a lightning stroke can be of the order 100 ns. In this case ac is of the
order 400 µm, and dealing with large a-spots and large separating distances would require
taking into account inductive eﬀects.
An other important electrodynamic eﬀect is the capacitive currents due to the capac-
itance of the contact. To evaluate the relative importance of these currents, it is useful to
compare the total conductive and capacitive currents that may ﬂow in a contact subject
to lightning stroke conditions. When an electric-ﬁeld E (V m−1) varies on a time-scale
dt (s), the capacitive current density is of the order ε0E/dt (A m−2), where ε0 (F m−1) is
the vacuum permittivity. In aeronautic contacts subject to lightning stroke conditions, a
reasonable value for the maximum electric-ﬁeld is E ' 108 V m−1. Considering the fast
current redistributions between the a-spots (dt ' 100 ns), the capacitive current density
obtained is of the order 104 A m−2. This value is much smaller than the typical conductive
currents that may be encountered in a-spots, lying in the range 108 A m−2 to 1012 A m−2.
However, the capacitive currents may beneﬁt from a much larger surface injection, since
the ratio between the apparent surface area and the total section of the a-spots can be as
high as 106. Then, comparing the conductive and capacitive currents ﬂowing in a contact
amounts to comparing the conductivity of the metal relatively to 106ε0/dt. This term is
of the order 90 S m−1, which means that capacitive currents are always very negligible on
the time-scales of interest compared to conductive currents in the a-spots.
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3.1.3 Mechanical interactions
The mechanical model presented in Section 2.3.2 needs to be adapted to the case of a
rough surface with many micro-peaks. As shown by [40], considering the tightening of
two rough surfaces is, for symmetry considerations, equivalent to the tightening of one
rough surface to a perfectly ﬂat plane. It is assumed in this work that the micro-peaks
on a surface are cylinders, such that they may form cylindrical a-spots if they interfere
with the mating surface, as represented on Figure 3.4.
Assuming that a mechanical load is imposed on the contact, the dichotomy algorithm
on the separating distance previously described for a single a-spot may be employed. The
only diﬀerence in the case of a multi-spot contact is that for each separating distance a
diﬀerent number of a-spots may be obtained. Each of them may have a diﬀerent geometry,
mechanical load and stress.
The dichotomy stops as soon as the sum of all the mechanical forces supported by the
a-spots equals the total tightening force. As it will be seen in the next chapter, with this
multi-spot mechanical model, increasing the mechanical load leads to an increasing num-
ber of a-spots, and a decreasing contact resistance. Compared to single a-spot contacts,
multi-spot contacts are then subject to an important additional eﬀect: the formation of
new a-spots as the tightening distance decreases.
Figure 3.4: Representation of the micro-peaks on a surface. In the presented model, every
micro-peak is modelled as a cylinder that may form cylindrical a-spots in the contact.
3.2 0D multi-spot model
3.2.1 Equivalent circuit model
The theories and the results of the 3D simulations presented in the previous sections
clearly show that, if the a-spots are separated by 20 times their radii, the inﬂuence of the
interaction of the current lines can be neglected. It can be assumed as a ﬁrst approxima-
tion that this condition is realistic for a wide range of applications.
Moreover, it has been observed that if two a-spots are very close to each other, they
almost behave as a single a-spot whose section is the sum of the sections of the two a-
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Figure 3.5: Equivalent scheme
spots. Then, neglecting this electrostatic interaction can be interpreted as a geometric
simpliﬁcation that models any packed group of a-spots that are close to each others into
a single circular a-spot of equivalent section.
Finally, since there is practically no hope to fully characterize the precise spatial
distribution and distances between the a-spots in a realistic contact, trying to take into
account these unknown geometric properties would bring either unnecessary complexity
or large uncertainties to the model. For these reasons, the choice has been made in the
following to neglect the modiﬁcation of the current density distribution and the additional
resistance terms due to the electrostatic interactions between a-spots.
A contact with many a-spots is then equivalent to an electrical circuit where a-spots
can be seen as resistances in parallel, as presented in Figure 3.5. The current Ii (A) in
the ith a-spot of a contact can be calculated as a function of the total contact resistance
Rc (Ω) and the total imposed current I (A) following Equation (3.5).
As shown previously, capacitive eﬀects can be neglected in contacts and no capacitor
has to be included in the circuit model. However, inductive eﬀects may play a signiﬁcant
role in some particular cases with large a-spots or a-spots separated by large distances
compared to ' 1 mm. In such a case, inductances should be added to the simpliﬁed
electrical model of Figure 3.5, but the geometric parameters needed to evaluate those
inductances would require a precise knowledge of the geometry. To avoid this diﬃculty,
it has been imposed that the contacts under consideration in the next chapters be small
enough" to neglect the inductive redistribution phenomena as a ﬁrst approximation.
Ii =
Rc
RHolm,i +Rcyl,i
· I (3.5)
3.2.2 Two a-spots under constant tightening distance
To illustrate the complex interaction between a-spots in a contact, it is useful to ﬁrst
consider the simplest conﬁguration of a contact with two steel a-spots of diﬀerent sizes.
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Figure 3.6 shows the evolution of the radii of two a-spots in a contact with constant
tightening distance. One of the a-spot has an initial 200µm radius and a constant 400µm
length, while the other one has an initial 100µm radius and a constant 200µm length,
both having the same material properties as the single a-spot studied in Chapter 2.
The observed dynamics is very similar to the case of a single a-spot alone. Interest-
ing is to note that in this case the two a-spots are almost vaporized at the same time,
while the current density and the Joule power is higher in the smallest a-spot initially.
The explanation relies in the decreasing electric conductivity with the temperature, that
induces a faster increase of the resistance of the smallest a-spot. Then a progressive cur-
rent redistribution takes place from the smallest to the biggest a-spot. As a consequence,
the evolution of the total resistance only shows one slope discontinuity (see Figure 3.7),
corresponding to the more or less simultaneous moments where both a-spots start to boil.
During the vaporization phase, current redistributions may also take place leading to the
full vaporization of the two a-spots at the same time.
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Figure 3.6: Radius of two steel a-spots in parallel subject to a D-wave. The biggest a-spot
as an initial 200µm radius and a constant 400µm length, while the other has an initial
100µm radius and a constant 200µm length.
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Figure 3.7: Resistance of two a-spots in parallel subject to a D-wave. The biggest a-spot
as an initial 200µm radius and a constant 400µm length, while the other has an initial
100µm radius and a constant 200µm length.
3.2.3 Two micro-peaks under constant load
More interesting is the case of a contact with two micro-peaks of diﬀerent sizes subject
to a constant load and a D-wave. In this case, depending on the tightening force and
the geometry of the micro-peaks, there can initially be a single a-spot or two a-spots :
The biggest micro-peak might hold the mechanical load alone, or be tightened enough so
that the second micro-peak be participating to the contact as a second a-spot. Because of
the decrease of mechanical properties with temperature, the second micro-peaks can also
be reached after some time, even though it is not initially participating to the contact.
Therefore, the geometry and the number of a-spots may change during the current wave.
Figure 3.8 shows the evolution of the resistance of such a contact with a constant
tightening force of 100 N for diﬀerent ratios r = a2/a1, where a1 is the radius of the ﬁrst,
biggest micro-peak and a2 the radius of the second, smallest micro-peak. In the following
the biggest micro-peak has always a radius a1 = 200 µm, and for both peaks their length
is equal to their diameter. Results are shown for r = 0, 0.6, 0.7, 0.8 and 0.9.
The case r = 0 corresponds to a single a-spot contact, with the biggest micro-peak
alone. For cases r = 0, 0.6, 0.7 and 0.8, the biggest micro-peak is initially alone, but
collapses to form a second a-spot later during a D-wave. The contact resistance at t = 0 µs
starts exactly at the same value of 0.47 mΩ because until the ﬁrst micro-peak collapses,
the contact situation is exactly the same as case r = 0. Conversely, for the case r = 0.9,
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the initial contact resistance is smaller because the second micro-peak is already forming
a second a-spot, since it is higher than the size of the tightened ﬁrst micro-peak.
At ﬁrst the resistance for the cases r = 0.6, 0.7 and 0.8 increases due to the temperature
increase inside the a-spot. Then the collapse of the mechanical properties occurs between
0.3 µs and 0.4 µs, and is followed by a ﬂattening dynamics and a decrease of the contact
resistance. This fast collapse of the resistance due to ﬂattening is stopped as soon as the
second micro-peak interferes with the mating surface and supports part of the load. This
second a-spot is touched sooner when the corresponding micro-peak is larger. Then, part
of the current ﬂows through the second a-spot whose temperature increase induces again
an increase of the total resistance. Finally, as soon as the mechanical properties in the
second a-spot collapse, a new ﬂattening dynamics follows resulting in a fast decrease of
the contact resistance. A larger second a-spot leads to a slower temperature increase and
a later ﬁnal mechanical collapse.
For the case r = 0.9, the two micro-peaks participate to the electrical conduction
and mechanical load since the beginning of the D-wave and the total resistance exhibits
a similar non-monotonous evolution as in a single a-spot case, for the same reason that
two a-spots under constant load follow the same behaviour as a single a-spot : Current
redistribution insures both a-spots increase in temperature almost homogeneously and
collapses at the same time.
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Figure 3.8: Resistance of a contact subject to a D-wave, with two micro-peaks under a
constant load F = 100 N for diﬀerent ratios r of the radius of the micro-peaks.
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3.3 Conclusion
The ﬁrst section of this chapter aimed at modelling the current distribution through a-
spots in parallel. After investigating the possible eﬀects of interaction of the current lines
when a-spots are close to each other, the justiﬁed choice has been made to neglect these
eﬀects in a spirit of simpliﬁcation.
Following the same method as in Chapter 2 where we considered the two opposite cases
of a contact under constant separating distance, and a contact under constant mechanical
load, the dynamics of current distributions and the multi-physical coupled behaviour have
been observed for the simple case of two a-spots contacts.
Without mechanical load, it appears that even if the a-spots do not have the same
size, their temperatures rise and their radii decrease by vaporization together, because of
a dynamic current re-distribution.
In the case of a constant mechanical load, the temperature of the ﬁrst micro-peak in
contact rises until its fast mechanical collapse. Contrary to the case of a single a-spot
contact, this fall is stopped by the presence of the second micro-peak that starts bearing
part of the mechanical load and imposed current.
The evolution of the value of the total resistance of such contacts, which is the main
value of interest and the easiest to measure in practice, shows similar patterns than the
evolution of a single a-spot contact subject to a D-wave. Only in the case where smaller
micro-peaks can be reached to form new a-spots can we directly observe the eﬀect of
micro-peaks distribution This eﬀect is besides partly due to the chosen cylindrical model
of the a-spots that lead to sharp decline of the total resistance when a new a-spot is
formed.
The question arises as to weather such dynamics can be observed for a realistic surface
composed of a great number of a-spots, which will be assessed in Chapter 4.
Chapter 4
Realistic contact subject to a lightning
wave
In this chapter the 0D multi-spot model has been used to study into details the evolution
of the resistance and the a-spots distribution in a realistic contact subject to a lightning
current. To take into account the complex micro-geometry of a surface, a statistical
description is introduced, where the heights of a ﬁxed number of micro-peaks follow a
Gaussian probability law. The main advantages of the statistical description considered
is its relative simplicity and the fact that it only depends on a small number of parameters
that can be obtained from proﬁlometry experiments.
The main goal in this chapter is to gain insight into the inﬂuence of surface parameters
on the dynamics of realistic contacts subject lightning stroke. To that intend, the micro-
peaks distribution of a given interface is assumed to follow a Gaussian distribution that
makes it possible to rely on a few measurable roughness parameters, which are presented,
for the description of the distribution. This modelling allows to perform an electrostatic
conﬁrmation with the study of the contcat resistance as function of the applied mechanical
load between two contact members, using a comparison with Schoft's work [40]. Then,
a parametric study is performed to asses the importance of roughness parameters on the
behaviour of a contact suject to a D-wawe, for both cases of a contact under constant
tightening distance and constant tightening load.
4.1 Gaussian surface model
The number, the shape and the size of the micro-peaks on a surface may be stochastic
and depend on material properties. This initial micro-peak distribution is complex to
address, since it depends on the detailed industrial processing of the surface, including
machining, surface treatments and mechanical wear in operating conditions. Modelling a
realistic surface micro-geometry is still a complex and open problem. A consensual way
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to describe a surface roughness is to consider it as a distribution of self-similar patterns
of diﬀerent sizes, as in the fractal surface models [74] [75]. All these models result in a
statistical description of the micro-geometry.
From an experimental point of view, diﬀerent proﬁlometry technologies may be em-
ployed to characterize a surface. If the mean of the measurement can diﬀer (laser, solid
probe...), the idea is always to measure the ﬂuctuations of the height of the surface. Sev-
eral ISO norms may be used to deﬁne the main parameters of a surface's state. In the ISO
4787 norm, a primary proﬁle is ﬁrst deﬁned from the measured proﬁle by removing the
short wavelength modes, thanks to a low-pass electronic ﬁlter [76]. The top of Figure 4.1
shows a schematic of the primary proﬁle of a surface. A root mean square method is then
used to deﬁne a mean line corresponding to the local mean value of the surface height.
This mean line depends on the integration length, that must be long compared to the
size of the asperities, but small compared to the macroscopic size of the ﬂuctuations. The
waviness is then deﬁned by the height ﬂuctuation of the mean line, or equivalently to
the large wavelength modes of the proﬁle trace. The roughness proﬁle is obtained with
a high-pass ﬁlter, the waviness component being removed from the proﬁle, as presented
on the bottom of Figure 4.1. This roughness proﬁle allows to deﬁne several parameters
reﬂecting the degree of the ﬂuctuations, corresponding to diﬀerent moments of the height
distribution. For example:
• The mean micro-peak height Ra (m), deﬁned as the arithmetical mean of the abso-
lute values of the proﬁle deviations from the mean line of the roughness proﬁle.
• The root mean square of the height distribution Rq (m) is the root mean square of
the proﬁle deviations from the mean line.
m =
1
L
∫ L
0
z dx (4.1)
Ra =
1
L
∫ L
0
|z −m| dx (4.2)
Rq
2 =
1
L
∫ L
0
(z −m)2 dx (4.3)
These two parameters give information on the dispersion of the ﬂuctuations around
the mean level of a surface. They are used as macroscopic parameters for a wide range
of engineering problems that require to take the microscopic geometry of the surface into
account. For example the laws of mechanical friction between two bodies, the laws of
friction between a ﬂuid and a wall, or the laws of light emission, reﬂection or absorption
of a surface are often reduced to formulas directly involving Rq. In the same way, the
main goal of this chapter is to answer the question whether or not, for a given contact
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resistance, the roughness parameters of the surfaces may have a strong inﬂuence on the
dynamics of a multi-spot contact subject to lightning stroke conditions.
For electric contacts, these parameters naturally give insight on the size and the dis-
tribution of the potential a-spots. Intuitively, the highest points of the roughness proﬁle
can be seen as micro-peaks that may form a-spots. However, considering for example the
shape of the roughness proﬁle presented on Figure 4.1, it seems rather diﬃcult to clearly
identify what the micro-peaks are on this surface. Indeed, because of the fractal nature of
the surface proﬁle, there is a convolution of many summits of diﬀerent sizes, and it does
not seem possible to isolate a micro-peak from the others. In the same way that ﬁltering
operations are needed to remove very high or very low wavelength modes, not represen-
tative of the surface micro-geometry, some procedure is required to deﬁne unequivocally
the micro-peaks on a surface. For example in [40], a proﬁle value is considered to be a
proﬁle peak if the proﬁle line passes over a given level c1 and afterwards falls short under
a level c2, placed around the mean line. Figure 4.2 shows an example of the identiﬁcation
of micro-peaks on a roughness proﬁle according to this methodology.
Figure 4.1: Primary proﬁle and mean line (top), and roughness proﬁle with its mean line
(bottom). Taken from [76].
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Figure 4.2: 2-dimensional surface trace of brushed Al-busbar joints with proﬁle peaks.
Taken from [40].
With this micro-peak identiﬁcation method, and using laser proﬁlometry, S. Schoft [40]
have measured the roughness parameters Ra and Rq of an aluminium brushed surface,
and the number of summits per unit of surface Ns (m−2). In this case the measured proﬁle
exhibits a height distribution that is close to a Gaussian probability function:
ϕ (z) =
1√
2piRq
exp
[
−1
2
(
z −Ra
Rq
)2]
(4.4)
In order to simplify the problem, it is noticed in [40] that the height of the micro-
peaks on surfaces are stochastically independent. As a consequence, due to symmetry
considerations, the mechanical contact of two surfaces with same roughness parameters
Ra and Rq is equivalent to the contact between a perfectly ﬂat plane with a single rough
surface, with parameters R′a = 2Ra and R
′
q =
√
2Rq.
To model the micro-geometry of the surfaces in a contact, the choice has been made
in this work to keep the same model as in [40], replacing the spherical micro-peaks by
cylindrical ones. Then, a surface has a given number of cylindrical micro-peaks per unit
surface area Ns, which height distribution follows a Gaussian probability function with
parameters R′a and R
′
q, that are replaced in the following by Ra and Rq to avoid heavy
notations.
Besides, the hypothesis has been made that the height of a cylindrical micro-peak, l,
should be proportional to its radius a. The aspect ratio l/(2a) may change from one sur-
face to another, but looking at most STM images (Scanning Tunneling Microscop) and
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multiscale roughness descriptions performed in the litterature with fractal models [74]
[75], a reasonnable assumption is that l/(2a) is close to one. This assumption is justiﬁed
for physical reasons: very high and narrow micro-peaks barely bear the mechanical con-
straints compared to wider ones and are prone to mechanical damage. On the other hand,
very wide, ﬂat asperities are better representative of large surface ﬂuctuations rather than
representative of the micro-peak distribution. The mean ratio l/(2a) of the micro-peaks
can be seen as a free parameter of the model, that has been put to one in the rest of this
study, meaning that for all the micro-peaks the radius is initially, before any tightening,
half the height.
4.2 Electrostatic aluminium contact under increasing
load
As a ﬁrst application, the Gaussian surface model has been employed to study the evo-
lution of the low-level resistance of a contact subject to an increasing tightening load.
Direct comparisons can be made with Schoft's work, where micro-peaks are modelled by
spheres. The contact under consideration has been generated based on Schoft's measure-
ments, with the following surface parameters: Ra = 12.6 µm, Rq = 4.1 µm and a total
number of peak Ns = 38 000. The conducting metal was chosen to be aluminium in order
to be as close as possible to Schoft's conditions.
Figure 4.3 reveals an important and non-linear resistance decrease from 7 µΩ to 0.2 µΩ
as the tightening force increases from 0 N to 25 kN. It can be clearly seen on Figure 4.4
that this resistance decrease with the tightening force is mainly due to the increasing
number of a-spots in the contact. Together with the increasing number of a-spots, the
average a-spot radius decreases because the new a-spots appearing correspond to smaller
and smaller micro-peaks that where initially not interfering.
Those results are very similar to those obtained by Schoft in similar conditions (see
Figure 12 in [40]). However, a signiﬁcant diﬀerence remains for small tightening forces
concerning the average a-spot radius. Indeed, accordingly to the Hertzian elastic contact
theory, for small loads F (N), the surface of contact between a spherical a-spot and the
mating plane surface increases continuously starting from 0, and is proportional to F 2/3.
On the contrary, with cylindrical a-spots, the surface of contact does not change signif-
icantly during the elastic deformation regime, and the eﬀect of averaging over smaller
a-spots as the load increases induces a decreasing average radius. Then the increasing av-
erage a-spot radius observed in the spherical a-spot model for small loads does not appear
with the cylindrical a-spot model presented here. Even though simple and very satisfying
for important loads, this model should be considered cautiously when considering small
loads.
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Figure 4.3: Evolution of the contact resistance as a function of the tightening force, for
cylindrical aluminium micro-peaks, Ra = 12.6 µm, Rq = 4.1 µm, Ns = 38 000.
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Figure 4.4: Evolution of the number and mean radius of a-spots in a contact as a function
of the tightening force, for cylindrical aluminium micro-peaks, Ra = 12.6 µm, Rq = 4.1 µm,
Ns = 38 000.
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4.3 Realistic multi-spot contact dynamics
The Gaussian surface model previously described is used to simulate the dynamics of a
realistic contact subject to a lightning stroke. The main goal in this section is to study
the inﬂuence of the roughness parameters for a given contact resistance.
At the beginning of this study, it was not clear how the roughness parameters would
inﬂuence the contact dynamics, and the possibility of a strong dependence with the micro-
geometry was not excluded. Such a situation would have been an important pitfall,
meaning that the non-linear evolution at high current of a contact strongly depends on
inaccessible micro-geometric details. However, it appears that important regularities can
be observed in the contact dynamics for diﬀerent roughness parameters. This observation
gives conﬁdence in the usefulness of the modelling strategy adopted.
A surface of 40 mm2 has been considered, which is approximatively the apparent sur-
face expected for the contact between a screw and a bolt in typical aeronautic fastened
assemblies. Diﬀerent values of the mean value Ra and the standard deviation Rq of the
Gaussian function are considered, but the number of micro-peaks per unit area is ﬁxed
to 26.3 mm−2, based on the measurements performed in [40]. Therefore, the contact has
initially around 1000 micro-peaks, with an average distance from each other of 200 µm.
Because one of the questions was to answer whether or not the contact resistance is
a parameter that is, on its own, enough to predict the evolution of a contact subject to
high currents, the initial tightening distance has been determined with the dichotomy
algorithm to set the initial contact resistance to 0.1 mΩ in all the presented results. Then,
the diﬀerent values of Ra and Rq considered correspond to the same initial resistance but
to diﬀerent tightening forces.
Two cases are considered: In the ﬁrst case, the separating distance between the surfaces
is kept constant, which could occur for example if most of the initial load is supported by
an interface insulating material such as an oxide layer or sealant. In the second case, the
initial load is kept constant and the a-spots support the tightening force, which can lead
to ﬂattening dynamics.
Because of the random generation of the micro-peaks from the Gaussian probability
law, the results are not deterministic and diﬀerent seeds for the random number generator
may result in diﬀerent initial a-spots distributions and slightly diﬀerent results. This
uncertainty on the initial micro-geometry is an unavoidable consequence of the statistical
description of the surface roughness. Variations in the results were found to ﬂuctuate
by 10 % of the mean results, but in order to focus on the most signiﬁcant tendencies the
presented results are the average of 100 simulations performed with diﬀerent seeds for the
random number generator used to determine the initial micro-peak distribution.
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4.3.1 Multi-spot contact with constant length
Figure 4.5 shows the evolution of the contact resistance subject to a D-wave for ﬁve
distinct roughness values: Ra is set to 12 µm in all cases, and Rq varies in the range 2 µm
to 6 µm. The tightening forces computed to set the initial contact resistance to 0.1 mΩ
for the diﬀerent values of Rq are given in Table 4.1.
The dynamics is very similar to the one obtained with a single a-spot contact with
constant separating distance (Figure 2.9). It appears that for all the a-spots, the resistance
ﬁrst increases due to the decreasing conductivity with temperature. As soon as the
temperature of the a-spots reaches the boiling point, the time derivative of the resistance
suddenly goes down in the bi-phasic liquid-vapour region where the temperature remains
constant. Quickly, a vaporization front propagates from the periphery of the a-spots to
their center and the total resistance increases exponentially.
Interesting is to notice on Figure 4.5 that the surface parameter Rq seems to have the
same inﬂuence as the radius of the a-spot in the case of a single a-spot contact: A larger
Rq means a longer time to reach the boiling point in the a-spots and a slower increase of
the total resistance of the contact. The reason is a larger dispersion of the a-spot radii
around the average radius for larger values of Rq. Consequently, the probability to have
micro-peaks signiﬁcantly larger than the average radius is higher for larger Rq. Because
the largest micro-peaks support most of the load during tightening, the contribution of
the a-spots with larger radii to the total conductance is dominant over smaller a-spots.
Then a larger Rq means larger a-spots in the contact with the same inﬂuence on average
as a larger radius for a single a-spot contact.
The fact that this multi-spot contact has a dynamics very similar to a single a-spot
contact was already observed in Chapter 3 for the case of two a-spots, and is due to the
current re-distribution as the temperature of the a-spots rises. According to Equation 3.5,
the current density in the ith a-spot ji (A m−2) and corresponding Joule power density
Pi (W/m
3) are given by equations 4.5 and 4.6 respectively,
ji =
2σiU
2li + piai
(4.5)
Pi =
4σiU
2
(2li + piai)2
(4.6)
where U (V) is the voltage diﬀerence applied to the contact, li and ai the length and
radius, and σi (S m−1) the temperature decreasing electric conductivity of the a-spot. It
can be deduced that, initially, smaller a-spots are subject to larger current densities and
larger Joule powers. Small a-spots should reach the boiling point and vaporize much
before the largest a-spots, resulting in important modiﬁcations of the total resistance
dynamics compared to a single a-spot situation. However, if a particular a-spot is smaller
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than the others and subject to a more intense Joule power, the faster temperature increase
would increase its resistance faster and the current would be redistributed to the other
a-spots. In the end, only a small current redistribution between the largest a-spots occurs
during the lightning wave that results in the near single a-spot dynamics observed.
This is revealed by Figure 4.6, showing the cumulated fraction of the total current in
the diﬀerent a-spots sorted by decreasing size for the case Rq = 4 µm. It can be observed
that all the lightning current ﬂows into the 100 largest a-spots. The maximum slope is
obtained for the ﬁrst a-spots because they are signiﬁcantly larger than the average radius
and their contribution to the conduction is relatively important. The following a-spots
are closer and closer to the average radius value, which leads to an almost linear increase,
since each micro-peak has almost the same conducting eﬀect as the previous of this index.
The evolution of the current fractions reveals a moderated redistribution with more
and more current ﬂowing through the largest a-spots, due a faster resistance increase and
vaporization of the smaller ones.
Rq (µm) 2 3 4 5 6
Tightening Force (N) 16.37 19.03 21.87 24.84 27.84
Table 4.1: Tightening forces needed to reach 0.1 mΩ in a 40 mm2 contact with roughness
parameters Ns = 26.3 mm−2, Ra = 12 µm and diﬀerent values of Rq.
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values of Rq. Averaged over 100 diﬀerent seeds.
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Figure 4.6: Cumulated current percentage in the a-pots sorted by decreasing size in a
0.1 mΩ contact with constant tightening distance (Ra = 12 µm, Rq = 4 µm).
4.3.2 Multi-spot contact under constant load
The same approach is conducted, but this time the mechanical loads of Table 4.1 that
correspond to an initial resistance of 0.1 mΩ are kept constant. Figure 4.7 shows the evo-
lution of the cumulated percentage of the total current in the a-spots sorted by decreasing
size for Ra = 12 µm and Rq = 4 µm.
The initial current distribution between the a-spots is naturally the same as the one
obtained with a constant separating distance on Figure 4.6. However, in this case the re-
distribution of the current between the a-spots is much more pronounced: between t = 0 ns
and t = 50 ns, only the 100 biggest a-spots contribute to the conduction of the lightning
current. With time, some of them experience the decrease of their mechanical properties
and the tightening distance has to decrease to ensure the mechanical equilibrium. As a
consequence more micro-peaks can interfere with the mating surface and new a-spots are
created. At t = 200 ns, it can be seen on Figure 4.7 that the number of a-spots has been
increased by a factor of four. At t = 1 µs, all the micro-peaks in the contact form a-spots,
the total number of a-spots has reached its maximum, and the current distribution has
evolved to a quasi-parabolic distribution.
The inﬂuence of the surface parameter Rq on the micro-geometry is depicted on Fig-
ure 4.8, showing the evolution of the number of a-spots, and Figure 4.9, showing the
evolution of the average a-spot radius. It can be observed that initially a larger value of
Rq means fewer but larger a-spots in the contact. The initial number of a-spots remains
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Figure 4.7: Cumulated current percentage in the a-pots sorted by decreasing size in a
0.1 mΩ contact with constant tightening force (Ra = 12 µm, Rq = 4 µm).
almost unchanged during the ﬁrst 100 ns. Then, a fast increase associated with the col-
lapse of the mechanical properties is observed that occurs sooner for smaller values of
Rq.
Interesting is to notice that this fast increase of the number of a-spots ﬁrst leads to a
decreasing a-spot radius, although the radii of the ﬁrst a-spots increases. This is similar
to the electrostatic case of Figure 4.4 under increasing load, and is due to the fact that
smaller and smaller a-spots are created. For the case Rq = 2 µm, this process stops when
all the micro-peaks in the contact interfere and form a-spots.
Then, the mean a-spot radius increases due to mechanical ﬂattening, which is observed
when or before all of the micro-peaks are reached. For the case Rq = 6 µm, the mean
radius even starts to increase before all the micro-peaks have formed a-spots, meaning
that the mechanical ﬂattening of the largest a-spots dominates the increasing number of
smaller a-spots.
Surprisingly, the mean a-spot radius for the diﬀerent surface roughness seems to con-
verge to very similar values during this mechanical ﬂattening phase. This behaviour is
not intuitive, since initially the a-spot distributions are quite diﬀerent and because the
tightening forces diﬀer by more than 40 %. Simultaneously to the increasing mean a-
spot radius, mechanical ﬂattening also induces a decreasing a-spot length. According to
equations 2.3, 2.4 and 2.5, for small lengths and large radii the Holm's term dominates
the cylindrical term in the expression of the resistance of the a-spots. The convergence
CHAPTER 4. REALISTIC CONTACT SUBJECT TO A LIGHTNING WAVE 92
 200
 400
 600
 800
 1000
 0  200  400  600  800
Nu
m
be
r o
f a
-s
po
ts
Time [ns]
Rq = 2 µm
Rq = 3 µm
Rq = 4 µm
Rq = 5 µm
Rq = 6 µm
Figure 4.8: Evolution of the number of a-spots in a 0.1 mΩ contact subject to a D-wave
under constant tightening force for Ra = 12 µm and diﬀerent values of Rq. Averaged over
100 diﬀerent seeds.
of the mean a-spot radius for the diﬀerent surface parameters during ﬂattening is then
associated with the convergence of the contact resistance, as can be seen on Figure 4.10.
Notably, the evolution of the contact resistance is weakly inﬂuenced by the surface
parameter Rq, with a ﬁrst increasing resistance up to a maximum of 0.18 mΩ at t = 100 ns
for Rq = 2 µm and t = 150 ns for Rq = 6 µm, followed by a decreasing phase at almost
the same rate for all the cases. A minimum resistance value two orders of magnitude
smaller than the initial a-spot resistance is reached a t = 1 µs, with 12 µΩ and 13 µΩ for
Rq = 2 µm and Rq = 6 µm respectively.
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Figure 4.9: Evolution of the mean radius in a 0.1 mΩ contact subject to a D-wave under
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Figure 4.10: Evolution of the resistance of a 0.1 mΩ contact subject to a D-wave under
constant tightening force for Ra = 12 µm and diﬀerent values of Rq. Averaged over 100
diﬀerent seeds.
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The inﬂuence of Rq appears to be limited in the range of interest. However, all the
micro-peak distributions considered are characterized by the same mean a-spot radius
Ra = 12 µm. To check the inﬂuence of this parameter, the same method has been applied
keeping same the value of Rq to 4 µm and varying Ra in the range 4 µm to 20 µm with an
initial contact resistance of 0.1 mΩ. The tightening forces necessary to impose the initial
resistance diﬀer by more than 50 % between Ra = 4 µm and Ra = 20 µm and are given in
Table 4.2. The evolution of the contact resistance is presented on Figure 4.11.
Quantitatively, the inﬂuence of a larger mean a-spot radius is similar to a larger Rq.
However, even if the maximum value of the contact resistance remains close to 0.18 mΩ
between 100 ns and 200 ns, the decrease due to mechanical ﬂattening varies strongly with
Ra. A larger Ra means a later maximum resistance but also a slower decrease of the
resistance during ﬂattening. This is due to the larger thermal inertia of the a-spots for
large values of Ra that makes the temperature and the mechanical properties evolve slowly
compared to a distribution with a smaller mean a-spot radius. At t = 1 µs, the resistance
is lowered by approximatively two orders of magnitude compared to the initial resistance,
but signiﬁcant diﬀerences remain between the diﬀerent distributions within a factor of
two. Moreover, the resistance values at t = 1 µs does not seem to be simply related to the
value of Ra and they keep on decreasing at a slower and slower rate.
Ra (µm) 4 8 12 16 20
Tightening Force (N) 14.34 18.04 21.87 25.92 29.34
Table 4.2: Tightening forces needed to reach 0.1 mΩ in a 40 mm2 contact with roughness
parameters Ns = 26.3 mm−2, Rq = 4 µm and diﬀerent values of Ra.
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Figure 4.11: Evolution of the resistance of a 0.1 mΩ contact subject to a D-wave lightning
current. A constant load is considered, with Rq = 4 µm and diﬀerent mean a-spot radii.
Averaged over 100 diﬀerent seeds.
4.4 Conclusion
A multi-spot contact with a realistic surface micro-geometry has been successfully simu-
lated with the 0D model. The surface is described with a Gaussian distribution for the
heights of cylindrical micro-peaks, assuming that each micro-peak's height equals its di-
ameter. The parameters of such distribution are its number of peak by unit of surface, the
mean height value and the standard deviation. Taking the values measured by proﬁlom-
etry and used by Schoft [40] allows to recover the decreasing low-level current contact
resistance with the tightening force, and gives very similar results to Schofts' spherical
micro-peak models for high tightening forces.
A parametric study on the inﬂuence of the surface roughness parameters on the be-
haviour of a contact subject to a D-wave has been conducted, and important regularities,
that barely depend on the details of the micro-geometry have been identiﬁed:
• When a D-wave current is applied on a metallic contact representative of an aero-
nautic assembly, current redistributions and important resistance evolutions can be
obtained on time-scales lower than 1 µs.
• For contacts with a constant tightening distance, the resistance can only increase,
leading to the full vaporization of the a-spots. In this case, the vaporization dynam-
ics is very similar to the one observed with single a-spot contacts: The resistance
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of the contact increases monotonously due to the decreasing conductivity with tem-
perature in the ﬁrst hundreds of nanoseconds, and then increases exponentially due
to the vaporisation of the metal as soon as a boiling front appears. Current redis-
tributions between the a-spots are moderate in this case.
• For contacts with a constant tightening force, the resistance ﬁrst increases due to the
decreasing conductivity of the metal with the temperature. When the temperature
reaches a critical value close to the melting point, the collapse of the mechanical
properties leads to the mechanical ﬂattening of the a-spots and the fast decrease of
the contact resistance. No vaporization is therefore observed in this case.
• For contacts with constant tightening force, the ﬁnal resistance value may be two
orders of magnitude lower than the initial contact resistance due the welding of the
two parts.
• The root mean square Rq of the height distribution of the micro-peaks has a limited
inﬂuence on the contact evolution. Increasing Rq increases the average size of the
a-spots, and the contact dynamics is in this case a little slower due to thermal
inertia.
• Increasing the mean micro-peak height Ra has an inﬂuence similar to increasing
Rq, except that the thermal inertia eﬀect due to larger a-spots is more pronounced
during the decreasing resistance phase in contacts subject to a tightening force.
The cases with constant tightening distance or constant mechanical load are limit
cases for a wide range of complex mechanical conﬁgurations that can be observed in ac-
tual assemblies. The developed model does not allow at this stage of the work to directly
perform comparisons with current experimental studies conducted for example on GRI-
FON, the lightning generator of ONERA. However, it can bring useful interpretations of
the puzzling measurements that can be performed on the contact resistances in assemblies.
For example, Table 4.3 shows some typical evolution of the measured resistance of a
metal-metal contact between a bolt and a locking-cage (see Figure 4.12).
CHAPTER 4. REALISTIC CONTACT SUBJECT TO A LIGHTNING WAVE 97
Shot N◦ I (A) R0 (mΩ) sparking Rf (mΩ)
1 650 8 + 450
2 100 8 + 920
3 → 11 100 → 900 920 - 48.2
12 1400 48.2 - 22
13 1800 22 + 4500
14 1800 4500 ++ 108
disassembly - assembly: R0=7 mΩ
15 → 23 100 → 900 7 - x
24 1100 x + 290
25 100 290 + 400 103
26 100 400 103 + 2 103
27 100 2 103 + 260 103
28 100 260 103 + 4.3 103
29 100 4.3 103 + 450
30 100 450 + 4.4 103
Table 4.3: Experimental measurements of the evolution of the contact resistance between
a bolt and a locking cage. Successive shots have been performed on the GRIFON lightning
generator with D-wave-like" current forms of amplitude I. R0 and Rf are the contact
resistance before and after each shot respectively. x" means that the measured values
are unavailable ; -" means that no discharge is observed ; +" means that a discharge
is observed ; ++" means that the observed discharge seems particularly energetic from
light emission.
30 shots have been performed with the GRIFON generator, with D-wave current wave-
forms scaled to diﬀerent current levels, from 100 A to 1.8 kA. After 14 shots, then bolt
was disassembled and reassembled. It can be seen from the contact resistances before
shot (R0) and after shot Rf , that large variations on several orders of magnitude can be
obtained. Interesting is to note that in some cases (shots 3 to 11), the contact resistance
may decreases by more than one order of magnitude without any observed discharge
phenomena. On the other hand, during some series of shots (12 to 14), the resistance
increases exponentially and a discharge is ignited systematically. These results can be
qualitatively interpreted thanks to the 0D model in the following way: The decreasing re-
sistance phases, not associated with any discharge or vaporization phenomena correspond
to a mechanical situation where the a-spots in the contact are crushed due to the tight-
ening force. In return, the increasing resistance phases are associated with a mechanical
situation where the contact has a constant tightening distance. In this case the resistance
increases due to the vaporization of the totality or part of the a-spots, and discharges are
observed.
However, the shots 25 to 30 remain disturbing with this simple interpretation, since
there seems to be an alternation between increasing and decreasing resistances, that are
always associated with discharge phenomena. One of the possible explanations relies
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on a ﬁxed tightening distance, leading to discharge ignitions at each shot. Then it is
expected that in some cases, the resistance may decrease thanks to the metallic vapour
emitted by the discharge that may be conﬁned inside the contact and may create new
a-spots during cooling and condensation. This condensation scenario is given credibility
by the observation, during the discharges, of many small, incandescent metallic droplets
or particles escaping from the contact (see 4.12).
Considering our lack of understanding on discharges and their possible importance, it
seemed necessary to further increase our present understanding of the contact dynamics
in order to focus into more details into the metallic vapour generated in a contact and
related discharge phenomena. This is the purpose of Chapter 5.
Figure 4.12: Sparking of a metal-metal contact between a locking cage and a bolt for
D-wave current of 1800 A.
Chapter 5
Sparking model around contacts
The complex multi-physics in metal-metal contacts subject to high current levels is of
primary importance regarding the discharge ignition risk in aeronautic assembly during
lightning strikes on aircraft.
The model developed in the previous chapters and the parametric studies performed
have revealed an important fact: Due to mechanical eﬀects, a contact subject to a constant
load, that can freely be crushed when the temperature approaches the melting point,
should never give birth to metallic vapour. Because in this case the contact resistance is
decreasing, the electric-ﬁeld never reaches values comparable to the breakdown threshold
and ﬁeld ignited discharges in those conditions are very unlikely. On the other hand, the
situation is opposite when considering a contact with a constant separating distance.
In this case the metal of the a-spot may be fully vaporized, leading to a diverging
contact resistance and electric-ﬁeld. This diverging scenario could be attenuated by cur-
rent redistributions in the assembly: for example current paths in the structure that were
initially too resistive to carry a signiﬁcant current may start to be the preferable path
as the contact resistance increases. However, such redistribution phenomena may take
time to establish due to inductive eﬀects at the scale of the assembly. Moreover, for some
particular geometries the other possible paths are so resistive that an electrical breakdown
seems unavoidable.
Then, contacts with constant separating distance seem to be good candidates for dis-
charge ignition and important vapour and energy releases. In this chapter, an attempt is
made to go beyond one of the most questionable hypothesis of the 0D model: the zero
conductivity of the metallic vapour when a-spots reach the boiling point. Taking into
account the vapour's conductivity may lead to three major improvements. First, to avoid
the non-physical divergence of the resistance and electric-ﬁeld in the contacts with con-
stant separating distance. Then, to compute the redistribution of the current between the
a-spot and the plasma. Finally, to evaluate the three most important physical parameters
for discharge ignition and out-gasing risk in assemblies: the volume of vaporized metal,
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the energy dissipated by Joule heating in the discharge, and the over-pressure that can
be obtained with such a discharge in a conﬁned media.
Modelling the metallic plasma discharge that may ignite around an a-spot is a chal-
lenging issue. Indeed, the plasma is initially very dense and quite cold as it is formed
by the vaporization of the solid metal under isochoric heating. On the other hand, the
high pressure makes it expand and a fast density decrease is expected. Depending on the
conﬁnement of the plasma, the ﬁnal density can be as low as the order of magnitude of air
density. Moreover, the plasma temperature may possibly reach a few tens of thousands
of Kelvin, due to the lightning current circulation. The very large range of densities and
temperatures that have to be managed by the model, as well as the fast plasma expan-
sion in the conﬁning medium have required a lot of eﬀort during this thesis. There are
therefore three main diﬃculties for the plasma model:
• To be simple to couple with the 0D a-spot model previously derived.
• To describe the expansion dynamics of the high pressure plasma in a conﬁned media.
• To compute the thermodynamic and transport properties of the plasma in a wide
range of densities and temperatures.
In order to focus on the eﬀect of the expansion of the metallic vapour, a single a-spot
contact have been considered in this chapter, with a radius a and a constant thickness
l. The obtained conclusions are not restrictive according to the similarities previously
observed between several a-spots and a single a-spot contacts for a constant tightening
distance. Then, no signiﬁcant diﬀerences between the presented results on a single a-spot
contact and a multi-spot contact of equivalent resistance are expected.
5.1 Gas expansion model
Following on from the cylindrical a-spot hypothesis, the axial symmetry is preserved
in the plasma model with the assumption that the vaporized metal expands radially,
as illustrated on Figure 5.1. The expansion front could be aﬀected by the presence of
obstacles, such as other a-spots or micro-peaks, or subject to Rayleigh-Taylor instabilities.
However, addressing these complex 3D eﬀects is beyond the scope of this model, that have
to be simple enough to be fast and easy to use while providing good physical estimates.
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Figure 5.1: Schematics of the vaporized metal expansion.
Keeping unchanged the assumptions made for the physics governing the internal evo-
lution of the a-spot in Chapter 2, the computed vaporized volume of metal is taken as a
source term for the plasma expansion model. The output of the expansion model is the
evolution of the plasma radius rp (m) and its intensive properties, its density ρp (kg m−3),
its pressure Pp (Pa) and its speciﬁc internal energy ep (J kg−1), assumed homogeneous.
5.1.1 Modelling of the conﬁning media
To model the conﬁning media around the plasma, two situations have been considered: A
constant conﬁnement pressure Pconf (Pa), and a constant conﬁnement volume Vconf (m3).
The pressure Pconf is mechanically opposed to the expansion of the gas.
Pconf can be assumed constant, for example at the atmospheric pressure if the contact
is supposed in open air, but it can be much larger, considering for example a contact
ﬁlled with sealant. Pconf can also be used as a free parameter to represent the complex
conﬁnement by the micro-geometry, since the many a-spots or micro-peaks may be seen as
a porous media conﬁning the discharge. In the following, the inﬂuence of this parameter
is discussed.
Imposing instead a conﬁnement volume Vconf simply means that the plasma discharge
has to expand in a closed volume, whose pressure therefore increases by compression. This
volume is representative of the micro gaps that can be found in aeronautic assemblies.
For example in fasteners, small volumes of air of a few mm3 may be present between
diﬀerent parts, such as a screw and a bolt, or a screw and the skin of the aircraft, as
represented on Figure 5.2. One of the most important question aircraft manufacturers
may have to face is whether or not a given fastener design may mechanically conﬁne an
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energetic discharge occurring in those micro-gaps. Some lightning protections consist in
a nut-cap (see Figure 5.2), ﬁlled with air or sealant, that can be also seen as a ﬁxed
expansion volume for a plasma discharge that has to be conﬁned in the vicinity of fuel
tanks. The over-pressure generated by a plasma in such small volumes is then of primary
importance regarding the discharge risk in aeronautic assemblies and fastener design.
Figure 5.2: Schematics of an aeronautic fastener with internal gaps.
Theoretically, the expansion of a high pressure plasma in a conﬁning medium should
follow the compressible Euler equations for a multiphase ﬂow. However, solving Euler
equations would require a reﬁned 1D mesh and a computationally limiting CFL condition.
The time needed by a ﬁnite volume scheme with a Riemann solver would be too large for
the 0D model considered in this study.
5.1.2 Pressure equilibrium or plasma expansion speed limit
The 0D expansion model presented is an approximate time-explicit solver for the evolution
of rp. If the plasma radius at time t, rtp, is known, along with the pressure, the energy,
and the density, the new radius at time t + dt, rt+dtp can be computed. The assumption
made is that the plasma reaches equilibrium with the conﬁnement media unless its front
speed needs to be higher than the speed of sound in the current conditions. Indeed, the
plasma at t + dt has more energy and mass than at t because of vaporization and Joule
eﬀect, and needs to expand in order to maintain pressure equilibrium.
The conﬁning pressure is either constant, if chosen as a free parameter, or a function
of the plasma expansion, if it is the total volume that is chosen constant. In that last
case, Pconf is time-dependent and is given by Equation 5.1
P tconf = P0
(
Vconf
V tp
)γ
(5.1)
where P0 is the initial pressure inside the conﬁnement volume, γ the isentropic coeﬃ-
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cient of the conﬁning medium, and Vp the plasma volume, given by Equation (5.2)
Vp = l pi(r
2
p − a2) (5.2)
With this formulation, the conﬁning medium is supposed to be a perfect gas, subject
to an isentropic compression by the plasma.
Given this value of P tconf , the plasma radius r
t+dt
p is computed to ensure the mechanical
equilibrium following Equation (5.3)
Pp = Pconf (5.3)
This condition is assumed always true unless the expansion is limited by the speed of
sound, in which case it remains over-pressurized. Indeed, the plasma expansion velocity
is bounded by the speed of sound inside the plasma cp (m s−1), leading to Equation 5.4.
In this case, cp controls the plasma expansion, and Pp remains higher than Pconf .
rt+dtp = r
t
p + cp dt (5.4)
The fact that plasma density ρp (kg m−3), pressure Pp (Pa) and temperature Tp (K)
are supposed uniform inside the plasma volume, is actually equivalent to assuming that
the speed of sound inside the plasma is high enough compared to the expansion velocity.
This hypothesis is quite reasonable when Pconf dominates the radial expansion, but could
be discussed when the expansion speed is bounded by cp.
For this model, it is needed to compute the plasma properties (speed of sound, con-
ductivity and pressure), as well as the Joule eﬀect due to current distribution inside the
plasma. The model used to handle the metallic plasma properties will be the purpose of
Section 5.2. Assuming these properties are known, the current distribution model is ﬁrst
presented.
5.1.3 Current distribution in the plasma
If metallic vapour is generated from an a-spot, the current may be redistributed between
the a-spot and the metallic plasma, and generate Joule eﬀect in that plasma. We assume
here that the a-spot vaporization started, and that we know the plasma expansion radius
rp, the solid a-spot radius a, as well as σp and σa, the conductivity values of the plasma
and the a-spot respectively (S m−1).
To take into account this current redistribution, the resistance of the a-spot Ra (Ω)
and the resistance of the plasma Rp (Ω) are assumed to be in parallel. Rp (Ω) is simply
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calculated with the analytical formula for a straight hollow cylindrical conductor (5.6).
Ra =
l
σapia2
(5.5)
Rp =
l
σppi
(
r2p − a2
) (5.6)
A constriction resistance Rc has to be added in the model, placed in series with Rp
and Ra, in order to compute the total resistance R. Holm's formula is used to provide an
estimate of this constriction resistance, even though the applicability of this formula could
be discussed: As shown in Chapter 1, Holm's analytical model relies on the hypothesis of
a uniform conductivity in the constriction region. It is clearly not the case in the presence
of the plasma, and a choice has to be maid if the radius taken into account in Holm's
formula should rather be a, the radius of the a-spot, or rp, the expansion radius of the
plasma. In this study, the choice has been maid to consider rp as the constriction radius,
since in the situation of the complete vaporization of the a-spot a tends to zero and the
corresponding constriction resistance would diverge. Therefore we have:
Rc =
1
2σbrp
(5.7)
R = Rc +
RaRp
Ra +Rp
(5.8)
where σb (S m−1) is the electric conductivity of the bulk material, and R (Ω) the total
resistance of the contact with the plasma discharge.
Imposing a current I (A) through this contact, the currents going through the solid
metal Ia and through the plasma Ip are given by Equation 5.9, and is assumed homoge-
neous inside the solid a-spot and inside the plasma.
Ia =
Rp
Ra +Rp
· I and Ip = Ra
Ra +Rp
· I (5.9)
5.1.4 Dichotomy method to solve the plasma expansion
Assuming again that plasma properties can be computed with the knowledge of its com-
position, density and internal energy (basing on the model presented in Section 5.2), the
current distribution model allows to simulate a complex coupling of a-spot vaporization
and plasma expansion. Assuming rtp is known, a dichotomy method is used in order to
compute rt+dtp . Its boundaries are limited by the speed of sound as given by Equation 5.4.
Within these boundaries, guessing rt+dtp leads to guessing the new plasma volume V
t+dt
p
and all other properties.
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• During expansion, the total plasma energy Ep (J) evolves due to the Joule heating,
the work of the conﬁning pressure forces, and the production of plasma from the
vaporization of the a-spot. The time discretization of this equation solved by the
model is given by Equation 5.10, where Rp (Ω) and Ip (A) are the plasma resistance
and the current ﬂowing in the plasma respectively, and evap (J m−3) is the volumic
vaporization energy of the metal.
Et+dtp = E
t
p + R
t
p
(
I tp
)2
dt − Pconf (V t+dtp − V tp ) + evappi l((at+dt)2 − (at)2) (5.10)
• The internal energy of the plasma Up (J) is given by Equation 5.11, where Ec (J) is
the kinetic energy of the plasma.
Up = Ep − Ec (5.11)
Ec (J) is obtained by the spatial integration of the speciﬁc kinetic energy following
Equation 5.12.
Ec =
1
2
∫ rg
a
ρg · 2pi · r · l · v2 (r) · dr = piρgvg2l
[
(rg − a)2
4
+
a (rg − a)
3
]
(5.12)
For this integration, the plasma velocity up is asuumed to be null close to the a-
spot, and to evolve linearly in the radial direction until r = rp and up = uexp
(Equation 5.13). This hypothesis have been made based on 1D simulation results
for the velocity proﬁle in free burning arc columns subject to a pulsed arc phase
[77].
up(r) =
r − a
rp − a uexp for a ≤ r ≤ rp (5.13)
Finally, the new properties induced by the guess rt+dtp either lead to a plasma pressure
lower (resp. higher) than Pconf , in which case the real expansion must be lower (resp.
higher). The dichotomy ends as soon as the pressure equilibrium, Equation 5.3, is ensured
within the desired precision, or that rt+dtp is suﬃciently close to the boundaries given by
the speed of sound.
The presented expansion model relies on the knowledge of the pressure, the tempera-
ture, the speed of sound, and the electric conductivity in the plasma as a function of the
speciﬁc internal energy and density. An equation of state (EOS) and a plasma conductiv-
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ity model for metallic plasmas are then needed that should be able to deal with a large
range of densities and temperatures.
5.2 Quotidian equation of state for metals
To compute the plasma properties from the solid density to the density of a kinetic plasma
at atmosphereic pressure, a Quotidian Equation of State, mainly taken from [78] and [79]
has been used. It was developed at Onera to model the explosion under high, transient
current levels, of thin conductors such as thin wires or lightning protections.
This method relies on the description of the plasma thermodynamic properties as the
sum of three components: the contribution of the electrons, the contribution of the ions,
and a bounding term related to quantum eﬀects at high density and bounding interactions.
A Thomas-Fermi ionization model is added to provide the ionisation degree of the plasma
as a function of density and temperature. For example, the internal energy and the
pressure are given by Equations 5.14 and 5.15, where subscripts e", i" and b" stand for
electrons", ions", and bounding".
Ep = Ee + Ei + Eb (5.14)
Pp = Pe + Pi + Pb (5.15)
The contributions of the electrons and the ions follow equations of state representative
of dense plasmas, that may depend on the temperature and the density. Most of the time,
ions and electrons EOS are similar to a perfect gas law with additional terms to take into
account the non-ideality of the plasma at high density, and Coulomb interactions when the
average distance between the charged particles is lower than the Debye length, such as the
Debye-Hükel model [80]. In this work, the ion EOS is based on a modiﬁcation of the widely
known Cowan model [78], while the electron EOS is given by the semi-empirical model
of McClosekey [81]. The bounding terms are modelled with a Lennard-Jones potential,
with parameters taken from [79].
While relying on important simpliﬁcations and semi-empirical formulas, the QEOS is
able to give good qualitative estimates for the properties of a metal in a very wide range
of temperatures and densities. Recently, more precise descriptions have proven successful
by the use of Quantum Molecuar Dynamic simulations (QMD), as in [82] and [83], and
Density Functional Theory (DFT) [84]. However, such ab-initio calculations are very
complex and time consuming, and the QEOS model oﬀers a good ﬁsrt order approximate
EOS [85] and seems adequate for the simple plasma model derived in this study.
As an example, Figure 5.3 shows the phase diagram for iron that has been computed
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thanks to the QEOS model, along with a Maxwell algorithm to remove the so-called Van-
der-Waals loops and compute the bi-phasic regions. This plot shows the isotherms of iron
between 300 K and 104 K in the P -ρs/ρ plan, where ρs is the solid density in standard
conditions. It can be clearly seen that the density range goes from solid to a thousandth
of solid density. The black curve represents the droplet" saturation curve while the
red curve is the bubble" saturation curve, both computed with Maxwell's algorithm.
This phase diagram has been tabulated, and plasma properties are obtained by linear
interpolation between the temperature points and logarithmic interpolation between the
density points. As the solid phase is described by the 0D a-spot model, this EOS is only
used for the plasma.
To compute the transports properties, a modiﬁed Lee-More model has been imple-
mented in the plasma model [86], that is able to predict the evolution of the conductivity
of the metal from the solid to the plasma state. For example, Figure 5.4 shows the con-
ductivity (S m−1 ) of the iron plasma in a wide range of densities and temperatures. It
can be seen that for the solid density, the decreasing conductivity with temperature is ob-
tained by the model along with a small discontinuity near the melting point. For plasma
densities, the conductivity is very small when the temperature is below 8000 K, and is
around 104 S m−1 for typical thermal plasmas. The fast conductivity decrease with den-
sity observed for temperatures close to the boiling point (' 3000 K) is the widely known
conductor-insulator transition for metals, that is of primary importance in the context of
the explosion of conductors subject to important and transient pulsed currents [87][65].
Figure 5.3: Quotidian Equation OF State (QEOS) for iron.
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Figure 5.4: Modiﬁed Lee-More conductivity model for iron.
5.3 Eﬀect of the plasma expansion on the resistance
With the decrease of the solid a-spot radius a, and the increasing mass of vaporized metal,
a redistribution of the current is expected. As shown by Figure 5.4, the conductivity of
the plasma can vary with density and temperature by orders of magnitude and in a non-
linear way . As a consequence, it is not straightforward to know if, for a given vaporised
mass, the resistance of the plasma region is increasing or decreasing during expansion.
If no Joule heating in the plasma is accounted for, the plasma temperature remains
close to the boiling temperature of the metal. Then, it is expected that the plasma con-
ductivity should decrease with decreasing density during plasma expansion. However, rp
being increased during expansion, the plasma section increases. Following Equation 5.6,
the evolution of the plasma resistance Rp results from the competition between the de-
creasing conductivity and the increasing rp.
To focus on the dynamics of Rp during plasma expansion, Figure 5.5 shows the re-
sistance of a cylindrical plasma with constant mass, a constant internal energy and for
diﬀerent radii, obtained with the QEOS and Lee-More models. The total mass and in-
ternal energy of the iron plasma correspond to a cylindrical a-spot of radius a = 400 µm
that has been fully vaporized. The plasma expansion radius varies in the range 500 µm to
4000 µm. It can be observed that the resistance ﬁrst increases due to the decrease of the
plasma conductivity when the density decreases. However, the resistance reaches a maxi-
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Figure 5.5: Resistance of a cylindrical iron plasma region for diﬀerent radii and for a
constant length l = 800 µm. The iron mass is taken equal to the mass corresponding to a
solid cylinder of radius a = 400 µm, and the plasma internal energy is taken equal to the
energy required for this mass to be fully vaporised at atmospheric pressure.
mum value before decreasing: The decrease in conductivity is non linear, and it decreases
less and less for lower densities. In this case, there is a critical expansion radius from
which the decrease of the conductivity can not balance the increase of the plasma section,
and the total resistance decreases with the plasma expansion. This simple example shows
the importance of taking into account the non-linearity of the plasma properties with
density. In the following section, this non-linearity will be coupled with thermal aspects,
including the Joule power dissipated in the plasma as the current starts to ﬂow through
it.
5.4 A-spot subject to a D-wave for a constant conﬁne-
ment pressure
The plasma expansion model is used to observe the current re-distribution when a single
iron a-spot contact is subject to a D-wave and a plasma is formed around the a-spot. The
considered a-spot has initially a radius a = 400 µm, a constant thickness l = 800 µm, and
the conﬁnement pressure has been chosen equal to 50 bar. Figure 5.6 shows the evolution
of the radius of the a-spot and the expansion radius of the plasma (left part), and the
evolution of the expansion velocity vexp along with the speed of sound in the plasma cp
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(right part).
The ﬁrst phase of the simulation exactly follows the evolution of the a-spot's tempera-
ture and physical properties as in Chapter 2, until the vaporization at the periphery of the
a-spot begins at 1.4 µs. Then, the a-spot radius starts decreasing while the radius of the
vaporized metal radially expands. The expansion of the plasma increases sharply between
2 and 2.2 µs, due to the fast collapse of a and the current redistribution from the a-spot
to the plasma. From the evolution of the expansion velocity, it can be observed that vexp
progressively increases until it reaches the speed of sound in the plasma. During the ﬁrst
2 µs, the expansion is driven by the vaporization rate and rp is constrained by the pres-
sure equilibrium condition (5.3). However, the energy deposited in the plasma increases
so fast that as soon as vexp = cp, the plasma can not expand fast enough to maintain the
pressure equilibrium with the conﬁning medium and becomes over-pressurised.
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Figure 5.6: A-spot subject to a D-wave, a = 400 µm, l = 800 µm. Left: Decrease of the
a-spot's radius and increase of the expansion radius of the plasma. Right: Comparison of
the expansion speed with the speed of sound in the plasma.
Figure 5.7 shows the evolution of the plasma pressure: The pressure rises up to a peak
value of 35 000 bar at t = 2.4 µs, when the solid a-spot is fully vaporised and no more
iron mass can be added to the plasma region. Then the plasma pressure decreases due to
expansion, despite the important Joule heating. This plasma pressure being much higher
than Pconf , it expands radially with a dynamics that barely depends on the conﬁnement
pressure until the conditions for pressure equilibrium are fulﬁlled again.
An important observation with this model is that the pressure equilibrium condition
is fulﬁlled only during a rather small duration. This gives conﬁdence in the fact that the
chosen conﬁnement pressure Pconf is not a crucial parameter, the expansion being quickly
limited by the speed of sound in the metallic plasma. This conclusion remains true even
in the case of a constant expansion volume: if the expansion volume is not too small
compared to the volume of the a-spot, the ﬁrst stage of the plasma dynamics is driven by
the over-pressure and speed of sound in the plasma.
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Figure 5.7: A-spot subject to a D-wave, a = 400 µm, l = 800 µm. Evolution of the
pressure in the plasma formed by the vaporization of the a-spot.
One could think that the plasma density could increase due to the mass source term
induced by the vaporization of the a-spot. However, Figure 5.8 shows that the density
in the plasma continuously decreases due to expansion, despite the formation of plasma.
The plasma density decreases sharply between 1.4 µs and 2.4 µs at the beginning of the
plasma expansion, but then this decrease rate is much lower. Indeed, the propagation
front being limited by the speed of sound, a higher plasma radius means a proportionally
lower volume decrease. The vaporization rate −∂ta (m s−1) is then much lower than the
expansion velocity vexp of the plasma.
The same ﬁgure shows the evolution of the total speciﬁc energy of the plasma as well
as the speciﬁc kinetic energy. The total speciﬁc energy increases with time, particularly
as soon as the a-spot is fully vaporized. During this phase, all the D-wave current ﬂows
through the plasma, and the total energy increases due to the Joule power. The kinetic
energy is around 20 % of the total energy, the remaining 80 % being representative of the
internal energy of the plasma Up. The only energy loss for the plasma is the work of
the hydrodynamic forces due to the conﬁnement pressure Pconf , but it has been checked
that it never exceeds 10 % of the energy deposited by Joule eﬀect. This observation is
consistent with the observed dynamics that barely depends on the conﬁnement pressure.
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Figure 5.8: A-spot subject to a D-wave, a = 400 µm and length l = 800 µm. Gas density
relatively to the solid metal (left), and increasing energy plasma (right).
Figure 5.9 shows the evolution of the plasma temperature and ionization degree during
the vaporization of the a-spots and the plasma expansion. The plasma temperature is
given by the QEOS model from the density and the speciﬁc internal energy of the plasma.
The temperature of the a-spot increases up to the vaporisation threshold Tvap = 3150 K
and the beginning of the biphasic liquid-vapor region at t = 1.4 µs. The plasma generated
by vaporization has initially the same temperature, but slightly cools down during the ﬁrst
expansion between 1.4 and 2.1 µs. When the radius of the a-spot becomes so small that
most of the current ﬂows into the plasma, a large temperature increase can be observed,
with an asymptotic convergence to a maximum value of about 20 000 K.
The ionization degree Z of the plasma, which means the average number of free elec-
trons per atom, reveals an interesting evolution: during the ﬁrst microseconds, Z seems
directly related to the density: the fast density decrease at the beginning of the vaporiza-
tion induces a fast decrease of the ionization degree from Z = 3.5, which is representative
of the solid metal in standard conditions, to a minimum value of Z ' 1 at t = 2.5 µs. This
evolution of Z with density while the temperature remains almost unchanged is predicted
by the Thomas-Fermi ionization model implemented in the QEOS method, and repre-
sentative of the conductor-insulator transition. This evolution of the ionization degree
has a direct repercussion on the plasma conductivity, represented on Figure 5.10. Due to
the intense Joule heating and the temperature increase in the plasma, thermal ionization
takes place and Z increases slightly after 3 µs. The conductivity then reaches a value
around 104 S m−1, representative of thermal, ideal metallic plasmas at thermodynamic
equilibrium [66].
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Figure 5.9: A-spot subject to a D-wave, a = 400 µm and length l = 800 µm. Gas temper-
ature (left), and ionization degree (right).
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Figure 5.10: A-spot subject to a D-wave, a = 400 µm and length l = 800 µm. Plasma and
solid conductivities.
The vaporization of the a-spot, the plasma expansion and conductivity evolution lead
to the resistance values and current distributions represented on Figure 5.11. It can be
observed that the plasma progressively becomes the preferential path for the total imposed
current. The a-spot resistance goes to inﬁnity as it is fully vaporized, but the total
resistance, represented by a black line, remains lower than 30 mΩ. The Holm constriction
resistance has a negligible contribution in this particular situation. The ﬁrst requirement
for the plasma model, that should prevent the divergence of the contact resistance when
a-spots are fully vaporized, is respected.
The corresponding electric-ﬁeld is represented on Figure 5.12. The evolution is very
similar to the total resistance, and the electric ﬁeld reaches a maximum value of 3.3 MV m−1
at 2.2 µs, which is comparable to the breakdown ﬁeld in air at atmospheric pressure. Then
discharge phenomena induced by the ﬁeld in the contact may ignite and propagate. The
formation of such a plasma discharge is rather complex to address since it is concomitant
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Figure 5.12: Evolution of the electric ﬁeld at the border of an a-spot subject to a D-wave,
a = 400 µm, l = 800 µm.
to the formation of signiﬁcant volumes of metallic plasma. As a ﬁrst step, only the metal-
lic plasma generated by the vaporization of the a-spot will be considered as a source for
critical discharges.
5.5 A-spot subject to a D-wave with constant expan-
sion volume: parametric study
In this part, a single a-spot contact is still considered, but the plasma is assumed to
expand in a constant expansion volume of 15 mm3. This value is well representative of
the internal gaps in aeronautic assemblies, as represented on Figure 5.2. A parametric
study is conducted on the initial contact resistance, ranging from 0.1 mΩ to 0.5 mΩ. This
initial resistance is directly related to the a-spot radius according to Equation 5.16, such
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that larger initial resistances mean a smaller a-spot radius.
R =
1
2aσ
+
l
σpia2
=
1
aσ
[
1
2
+
2
pi
]
(5.16)
The ﬁnal plasma pressure and internal energy have been computed in each case to
compare the criticity of the diﬀerent discharges to the initial contact resistance. One
could naively think that a higher initial resistance would necessarily lead to a higher
dissipated Joule power in the plasma. Figure 5.13 shows that it is not the case.
The same conclusions are obtained when considering the total vaporized volume or
the pressure in the conﬁnement volume at the end of the wave: Figure 5.14 represents the
volume of vaporized metal as a function of the initial resistance. From 0.1 mΩ to 0.146 mΩ,
the corresponding a-spots are too big for the vaporization to occur: the temperature of
the a-spot rises but never reaches the boiling threshold because the volume has a too large
thermal capacity. From 0.146 mΩ to 0.183 mΩ, the total energy dissipated in the plasma
increases, reaches a peak, and then decreases again. From the value of 0.183 mΩ to 0.5 mΩ,
the a-spot is small enough to be fully vaporised by the D-wave. Then its resistance has a
behaviour similar to the evolution of the resistance presented on Figure 5.11.
However, the peak occurs faster in the case of a small a-spot. Considering the total
energy dissipated in the plasma, it means that the contact spends less time at high
resistance. When the peak of the D-wave current occurs at 3 µs, the resistance peak
is already past for smaller a-spots. The integral of the Joule power is therefore lower
for smaller a-spots, even if they correspond to higher initial and resistances. The ﬁnal
pressure in the cavity is depicted on Figure 5.15. The maximal pressure is obtained for
R = 0.2 mΩ, and is close to 40 000 bar.
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Figure 5.13: Total energy dissipated in the plasma by Joule eﬀect as a function of the
initial resistance of a single a-spot contact subject to a D-wave.
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Figure 5.14: Volume of vaporized metal as a function of the initial resistance of a single
a-spot contact subject to a D-wave.
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Figure 5.15: Final plasma pressure in a conﬁnement volume of 15 mm3 as a function of
the resistance of a single a-spot contact subject to a D-wave.
5.6 Conclusion
The plasma expansion model developed in this chapter makes it possible to compute
the ﬁnal pressure, vaporized volume, and energy release in a plasma discharge ignited
in a contact subject to a lightning current. Due to the complex evolution of plasma
properties with density and temperature, the discharge characteristics may evolve non-
linearly with the low-level" contact resistance. This non linear behaviour has non intuitive
consequences regarding the sparking risk in aeronautic contacts. Then, the simple plasma
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model could be used to perform comparisons with experimental measurements, ﬁrst and
foremost on the sparking ignition threshold in assemblies subject to lightning currents.
It could also be used to estimate the maximum pressure that may be encountered in a
given geometry, and evaluate the design of a fastener regarding the constraints induced
by lightning strikes to aircraft.

Chapter 6
Conclusion
This PhD project intended to develop a simple model for the the non-linear evolution of
metal-metal contacts in aeronautic assemblies subject to lightning stroke conditions. The
main goals for such a model should be:
• To predict the observed non linear evolution of the contact resistance for high cur-
rent levels. The assessment of this non-linear evolution on microsecond time-scales
is crucial for the prediction of current distributions in assemblies and aeronautic
structures.
• To be fast and simple enough to couple as an interface model in 3D ﬁnite volume
numerical codes and large-scale electromagnetic simulations.
• To predict the conditions for the ignition of critical energetic discharges in assem-
blies subject to lightning stroke. Inter alia, it should be able to reckon the risk of
sparking" and outgasing" in fastened assemblies.
• To provide insight into the fundamental physical processes occurring at the micro-
scopic scale in contacts. The model should be able to perform parametric studies
to evaluate the inﬂuence of the micro-geometry and the material properties on the
contact dynamics.
In the ﬁrst chapter, a general overview of lightning strikes to aircraft was conducted,
and the most relevant experimental results were highlighted: The contact resistance in
assemblies may vary by orders of magnitude on microsecond time-scales, and such vari-
ations can be associated in some cases to the ignition of discharges. Then, after a brief
overview of the science of electric contacts, some approximative estimates revealed that
electromigration and electronic emission can be neglected in metal-metal contacts subject
to the pulsed arc phase of lightning strokes.
In the second chapter, the main geometric hypothesis performed in this work were
presented: a-spots were assumed to be small cylinders joining the two parts in a contact,
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characterized by a radius a, and a thickness l. Then the multi-physical modelling of a
single a-spot contact was emphasized:
• A 2D axisymmetric ﬁnite volume code have been developed to solve the complex
thermo-electric coupling in a-spots subject to lightning currents.
• The current conservation equation with Seebeck eﬀect was solved, together with the
unsteady Fourier's equation with thermal conduction and Joule eﬀect taken into
account.
• The material properties vary with the temperature, and phase transitions are taken
into account when melting and boiling points are reached.
• The main outputs of this model are the evolution of the contact electrical resistance
and the a-spot's vaporization dynamics.
Meaningful conclusions are the signiﬁcant decrease of the electric conductivity with
temperature, that promotes alongside with thermal conduction a uniform heating of the
a-spot up to the boiling point. Then, it has been observed that as soon as boiling starts, a
fast vaporization front ignites at the rim of the a-spot and propagates to the axis, resulting
in the collapse of the radius and the exponential increase of the contact resistance.
Based on these results, a simple 0D thermo-electric model for an a-spot has been
derived that is able to reproduce the vaporization dynamics observed with 2D simulations
for similar conditions. Furthermore, a crucial physical phenomena came into view that
needed to be added to the model: the mechanical crushing of the a-spot due to the
presence of a tightening force in the contact. The 0D model has been enriched with a
simple elasto-plastic mechanical model with temperature dependant Young modulus and
yield strength. A critical result consists in the very diﬀerent dynamics observed between
contacts with constant tightening force and contacts with constant tightening distance:
• For a constant tightening distance, the temperature increases and the electric resis-
tance of the a-spot can only increase due to the temperature decreasing conductivity
of the metal. If the boiling point is reached, the vaporization of the a-spot is un-
avoidable and the resistance is diverging.
• For a constant tightening force, the resistance ﬁrst increases due to temperature
decreasing conductivity. However, when the temperature reaches a critical value
close to the melting point, the mechanical properties of the metal collapse leading
to a fast ﬂattening dynamics of the a-spot. In this case the electrical resistance
decreases down to values that can be one or two orders of magnitude lower than
the initial resistance. No vaporization takes place, and the two parts are partially
welded together.
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• Mechanical situations in-between constant tightening force or distance may lead
to hybrid scenarios that could explain some of the puzzling measurements of the
evolution of the contact resistance in aeronautic assemblies subject to high current
values.
After this ﬁrst work on a single a-spot contact, the modelling of multi-spot contacts
have required a particular eﬀort. The diﬃculty relied on two points:
• To describe the physical interactions between the a-spots in a contact: The many
a-spots in a contact may interact mechanically and electrically, resulting on diﬀerent
load and current distributions between them, that can modify the overall contact
dynamics.
• To provide a description of a the micro-geometry of the surfaces in a contact: It is
mandatory to be able to predict a realistic a-spot distribution in a contact for given
roughness parameters, tightening load, and low level" contact resistance.
To address these diﬃcult points, 3D electrostatic simulations have been performed to
study the electrostatic interactions between several a-spots in a contact, leading to the
conclusion that the Greenwood" interaction could be ignored as a ﬁrst approximation,
as long as a-spots are separated by at least 20 times their radii. Then the inﬂuence of
capacitive and inductive eﬀects on the current distribution between the a-spots has been
highlighted. The former is largely negligible for the time-scales of interest, while the latter
has to be considered for contacts with large a-spots and large separating distances higher
than 1 mm. This situation has been avoided for all the contacts considered in this work,
and the inductive eﬀects neglected. Then the interaction between the a-spots is modelled
with a simple current divider approach.
To tackle the geometric complexity of the surfaces in a contact, an approach very
similar to Schoft's [40] has been considered:
• Surfaces are described with the roughness parameters Ra, Rq and Ns, that can be
measured by surface proﬁlometry.
• A Gaussian distribution for the height l of the Ns micro-peaks on a surface is con-
sidered, with Ra and Rq as the mean height and height deviation.
• A cylindrical shape is assumed for the diﬀerent micro-peaks, with same height l and
with an aspect ratio l/(2a) equal to unity.
• The cylindrical micropeaks may form cylindrical a-spots in a contact.
• A dichotomy algorithm has been developed to ﬁnd the proper tightening distance
between the surfaces that ensure a given load or a given contact resistance.
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This model has been validated by simulating the typical contact resistance decrease
when the tightening force increases. Then multi-spot contacts have been studied into
details, and particularly the inﬂuence of the surface micro-geometry on the contact dy-
namics:
• First it has been observed that multi-spot contacts with constant tightening dis-
tance have a vaporization dynamics very similar to single a-spot contacts. In this
case the current redistribution between the a-spots is moderated, but allows an al-
most simultaneous vaporization of the a-spots despite their diﬀerent sizes. Indeed,
small a-spots were expected to vaporize before the bigger ones, but the decreasing
conductivity with temperature strongly mitigates this eﬀect.
• For multi-spot contacts with constant tightening forces, important current redistri-
butions take place: Due to the ﬂattening dynamics of the a-spots, new a-spots are
created since more and more micro-peaks may interfere with the mating surface.
• Due to the complex interactions and current redistributions between the a-spots,
Rq and Ra have a limited impact on the contact dynamics. Only a larger Ra value
seems to signiﬁcantly modify the decreasing rate of the contact resistance during
mechanical ﬂattening, but the overall dynamics seem quite universal and barely
depend on the detailed microgeometry.
Finally, it appears from this work that contacts with constant tightening distance
are the most favorable locations for discharge ignition due to the high electric-ﬁelds and
a-spot vaporization. To tackle the complex problem of discharge ignition in contacts
with constant tightening distance, a simple plasma model have been derived. There were
basically three main goals for this model:
• To prevent the non-physical diverging contact resistance and electric-ﬁeld during
the full vaporization of the a-spots in contacts with a constant tightening distance.
• To compute the current redistribution from the a-spots to the plasma that may
occur due to vaporization.
• To evaluate physical parameters that are useful in the context of the discharge risk
in aeronautic assemblies: the plasma discharge energy, the total vaporized volume
of metal, the ﬁnal over-pressure in the plasma after its expansion in some conﬁning
volume.
To match these requirements, the description of the plasma relied on two models:
• An expansion model: The plasma is assumed axisymmetric around the a-spot with
an expansion radius rp. rp is computed assuming a pressure equilibrium with the
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conﬁning media, and its variation is limited by the speed of sound in the plasma.
The total energy in the plasma is conserved, and two source terms are taken into
account: the formation of plasma due to the vaporization of the a-spot, and the
Joule heating in the plasma. The only energy loss taken into account in this model
is the work of the hydrodynamic pressure forces due to the conﬁning media.
• A QEOS (Quotidian Equation of State) and a Lee-More conductivity model to com-
pute the thermodynamic and transport properties of the plasma in a wide range of
temperatures, from solid density to kinetic thermal plasmas at atmospheric pressure.
This model has been used on a single a-spot, and the plasma expansion have been
successfully simulated for a constant conﬁning pressure of 50 bar. The electric conductivity
of the plasma evolves in a highly non-linear way, with a ﬁrst decrease due to expansion
and the widely known conductor-insulator transition, followed by an increase due to the
thermal ionization as soon as a signiﬁcant current ﬂows through the plasma. The resulting
contact resistance is then characterized by a peak value and a fast decrease due to the
increasing section of the plasma during expansion.
Then, a parametric study has been conducted considering diﬀerent initial contact
resistances and a given conﬁnement volume of 15 mm3. At ﬁrst, the vaporized volume,
the ﬁnal energy released in the discharge and the ﬁnal over-pressure increase with the
initial contact resistance. Surprisingly, it ﬁnally reaches a maximum followed by a slow
decrease. In this case a higher initial contact resistance means a less energetic discharge.
Those interesting and non-intuitive results prove the utility of such discharge model, and
represent a ﬁrst step to a better understanding of the discharge phenomena in the conﬁned
media of aeronautic assemblies.
For future works, three important steps should be considered:
• Quantitative comparisons with experimental studies an a single a-spot contact: An
experimental set-up should be speciﬁcally designed to ensure a controlled geometry,
tightening force or distance, and current. High speed electrical diagnostics would
be needed to follow the potentially fast evolution of the contact resistance.
• Experimental characterization of the discharges in a contact: It seems important
to use emission spectroscopy to identify unequivocally if a given discharge is an air
plasma, related to a ﬁeld induced breakdown, or an outgasing phenomena, involving
a metallic plasma generated by the vaporization of the a-spots.
• The 0D contact model with plasma should be coupled as an interface model in the
3D ﬁnite volume codes of unit FPA, such as Taranis, to study into details complex
geometries with many contacts. Such an approach would make it possible to take
into account the current redistributions between contacts in fastened assemblies
together with inductive eﬀects.
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• Improve the 0D model to be able to take into account contacts made of diﬀerent
metallic materials, and the presence of ﬁlm layers and coatings.
• This PhD project was dedicated to metal-metal contacts, and some eﬀorts would be
needed to adapt it for carbon-metal or carbon-carbon contacts. The plasma model
could be used with minor modiﬁcations, but the thermo-electric and the mechanical
models should be thought over in this case.
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Appendix A
Holm's formula mathematical steps
This appendix is aimed at developping the mathematical steps that lead to the obtention
of Holm's formula, corresponding to the problem of the resistance of a ﬂat contact. It
appeared diﬃcult to ﬁnd the demonstration in the literature, the formula being so widely
used that it became unquestioned, as references always point to the important book
written by Holm [38]. However, we found Holm's demonstration to be not completely
satifying, himself quoting another author, Smythe [88], that developed the mathematical
steps in his book, even though they were not speciﬁcally aimed at solving the precise
problem of conduction through a ﬂat constriction.
The present appendix comprehensively gathers the hypotheses and mathematical steps
that lead to Holm's formula. We found this demonstration to be helpful in the under-
standing of problems that diﬀer somewhat from the ideal case of a single ﬂat a-spot, when
borders eﬀect come into play, for instance considering a cylindrical a-spot with a given
length, or several a-spots in parallel.
A.1 When can a set of surfaces be equipotentials
Smythe ﬁrst exhibits very general conditions required by the structure of a set of regular
surfaces to be equipotential surfaces that satisﬁes the Laplacian equation. These condi-
tions will later be used to ﬁnd equipotential surfaces that are candidates for the solution
regarding a ﬂat constriction. Let us consider the surfaces deﬁned by the set of equations:
F (x, y, z) = C (A.1)
Each surface of this family corresponds to a given value of C. Assuming they are equipo-
tentials, there must be a unique value of the potential ϕ for each surface, and therefore
by injection, for each value of C. There must exist a function f so that:
ϕ = f (C) (A.2)
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ϕ also remains a function of the space position by ϕ (x, y, z) = f ◦ F (x, y, z). The
spatial derivatives of the potential are then:
∂ϕ
∂x
= f ′ ◦ F · ∂F
∂x
, etc.
∂2ϕ
∂x2
= f ′′ ◦ F ·
(
∂F
∂x
)2
+ f ′ ◦ F · ∂
2F
∂x2
, etc. (A.3)
and the Laplacian of the potential is given by:
∆ϕ =
∂2ϕ
∂x2
+
∂2ϕ
∂y2
+
∂2ϕ
∂z2
= f ′′ ◦ F ·
(−−→
gradF
)2
+ f ′ ◦ F ·∆F (A.4)
Finally, a function f for the potential distribution would be suitable if and only if:
∆ϕ (x, y, z) = f
′′ (C) ·
(−−→
gradF (x, y, z)
)2
+ f ′ (C) ·∆F (x, y, z) = 0 (A.5)
Since the surfaces are regular,
−−→
gradF is never null. The previous equation implies f ′
cannot take a value equal to zero either. Therefore, the Laplacian equation is satisﬁed if
and only if:
∆F(−−→
gradF
)2 = −f ′′(C)f ′ (C) (A.6)
If the set of equations given by A.1 are equipotentials, then ∆F
(
−−→
gradF)
2 is a function of C
only. Reciprocally, if the surfaces are equipotential and Φ (C) = − ∆F
(
−−→
gradF)
2 is a function
of C only, the function f can be integrated on any path through the surfaces and:
f ′ (C) = A exp
∫
Φ (A.7)
f (C) = A
∫
exp
∫
Φ +B (A.8)
The constants A and B can be determined by ﬁxing the boundaries of the integral for
two values of C, and imposing the potential on the corresponding surfaces.
Equations A.1, A.2 and A.8 are very general conditions for surfaces and potential
distributions so that the Laplacian equation be satisﬁed. In the following, such formal
conditions are applied in order to exhibit surfaces that satisfy both the Laplacian equation
and the border conditions of Holm's problem of a ﬂat constriction.
A.2 Semi-ellipsoids equipotentials
Smythe exhibits a set of semi-ellipsoid surfaces as candidates to be equipotentials, in a
case of ﬂat constriction as presented in Figure A.1. For a circular contact, these surfaces
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Figure A.1: Plot of the ellipsoids given by Equation A.9 for diﬀerent values of µ. Taken
from [38].
are given by the set of equations A.9
x2
a2 + µ
+
y2
a2 + µ
+
z2
µ
= 1 (A.9)
where any value of the parameter µ deﬁnes a 3D surface of axis of symmetry z in the
semi-inﬁnite space z > 0. Let's call such a surface Sµ. The height of Sµ is
√
µ, and the
radius of its z = 0 section is
√
a2 + µ. For a great value of µ, neglecting a in A.9 reduces
Sµ to a sphere or radius
√
µ. On the opposite, limµ→0 Sµ = Ac, the circular contact area
at z = 0. Figure A.1 shows sections of the ellipsoids in the plane y = 0, for diﬀerent
values of the parameter µ.
We now want to prove that the set of Sµ is a good candidate to represent equipotential
surfaces, i.e. that they satisfy the condition given by Equation A.6. The main steps are
clearly given by Smythe [88] and presented here.
First, we consider the domain of the space situated above the contact, in the z > 0
region, swept by the set of Sµ while µ > 0. Equation A.9 can be rewritten as:
µ2 + (a2 − x2 − y2 − z2)µ− a2z2 = 0 (A.10)
The discriminant of this polynomial equation of order 2 is strictly positive for any point
of the z > 0 region, so there is a unique solution µ. Therefore there exists a function F
so that
F (x, y, z) = µ (A.11)
For the following, the parameter µ will be abusively confused with the function F in order
to simplify the writing of the partial derivatives. Let us deﬁne
Mn =
x2
(a2 + µ)n
+
y2
(a2 + µ)n
+
z2
µn
(A.12)
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and
N =
1
a2 + µ
+
1
a2 + µ
+
1
µ
(A.13)
With these notations, Equation A.9 becomes M1 = 1 and diﬀerentiating it we ﬁnd
2x
a2 + µ
−M2 · ∂µ
∂x
= 0, etc.
∂µ
∂x
=
2x
M2 (a2 + µ)
, etc. (A.14)
so (−−→
gradµ
)2
=
(
∂µ
∂x
)2
+
(
∂µ
∂y
)2
+
(
∂µ
∂z
)2
=
4M2
M22
= 4M2 (A.15)
Diﬀerentiating again gives:
∂2µ
∂x2
=
2
M2 (a2 + µ)
− 2x
M2 (a2 + µ)
2
∂µ
∂x
− 2x
(a2 + µ)
1
M22
[
2x
(a2 + µ)2
− 2M3∂µ
∂x
]
(A.16)
and using A.14:
∂2µ
∂x2
=
2
M2 (a2 + µ)
− 8x
2
M22 (a
2 + µ)3
+
8x2
M3 (a2 + µ)
2M32
, etc. (A.17)
Summing the expressions for x, y, and z gives:
∆µ =
2N
M2
− 8M3
M22
+
8M2M3
M32
=
2N
M2
(A.18)
We can ﬁnally evaluate the ratio
∆µ(−−→
gradµ
)2 = N2 (A.19)
Equivalently to Equation A.6, this ratio is found to be a function of µ only, noting
Φ (µ) = −1
2
(
2
a2 + µ
+
1
µ
)
(A.20)
This proves that such surfaces can be equipotential surfaces that satisfy the Laplacian
equation. Besides, we have:
exp
∫
Φ(µ) = exp−
1
2 [2 ln(a2+µ)+ln(µ)] =
(
a2 + µ
)−1
µ−1/2 (A.21)
And, according to Equation A.8, the potential is then given by:
ϕ (µ) = A
∫ µ
µ0
(
a2 + θ
)−1
θ−1/2dθ +B (A.22)
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where the constants A and B are determined with the boundary conditions.
A.3 Current density on the constriction
The aim is now the determine the constants A and B as well as the total current going
through the circular contact at z = 0. For reasons of symmetry, the potential is taken
null on the contact area, so
ϕ (µ) = A
∫ µ
0
(
a2 + θ
)−1
θ−1/2dθ (A.23)
Rather than imposing the potential on a second boundary surface, we would like to express
A as a function of the current going through the constriction. Using Ohm's law, A.7, A.14
and A.21, the z component of this current is equal to:
jz(x, y, 0) = − lim
z→0
σ
∂ϕ
∂z
= − lim
z→0
σ
∂ϕ
∂µ
· ∂µ
∂z
= − lim
z→0
σA
(a2 + µ)
√
µ
· 2z
M2µ
(A.24)
Substituting M2 and then using the semi-ellipsoids equation to replace z
2
µ
and z√
µ
leads
to
jz(x, y, 0) = − lim
z→0
2σA
(a2 + µ)
· z√
µ
· 1
(x2+y2)µ
(a2+µ)2
+ z
2
µ
= − lim
z→0
2σA
(a2 + µ)
·
√
1− x2+y2
a2+µ
(x2+y2)µ
(a2+µ)2
+ 1− x2+y2
a2+µ
(A.25)
The equation of the semi-ellipsoids A.9 implies that limz→0 µ = 0. So neglecting µ in
front of a near z = 0, and since we have x2 + y2 < a2 + µ
jz(x, y, 0) = −2σA
a2
· 1√
1− x2+y2
a2
(A.26)
Finally, the expression of the current density on the contact can be integrated to express
the total currant as a function of the constant A
I =
∫∫
Ac
jz(x, y, 0)dxdy =
2σA
a2
·
∫∫
0<θ<2pi
0<r<a
rdrdθ√
1− r2
a2
=
2σA
a2
· 2pia2 = 4piσA (A.27)
A.4 Holm's formula
The calculations developed in the previous section show that for a given size of the contact
a, and if the semi-ellipsoids are considered equipotential, then the current density through
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the spot is a function of the distance to the axis:
j(r) =
I
2pia2
· 1√
1− r2
a2
(A.28)
and Equation A.23 can be rewritten as
ϕ(µ) =
I
4piσ
∫ µ
0
dθ
(a2 + θ)
√
θ
(A.29)
The resistance Rµ of conductor delimited by the lower boundary Ac and the upper
boundary Sµ is given by the ratio between the potential drop and the total current I.
Rµ =
I
4piσ
∫ µ
0
dθ
(a2 + θ)
√
θ
=
I
2piσ
∫ √z
0
dz
(a2 + z2)
=
I
2piσ
arctan
√
µ
a
(A.30)
We can now observe that the value of Rµ converges to a ﬁnite value R∞ when µ
increases, and that this value is only a function of the radius of the spot a and of the
conductivity. On Figure A.1, the ellipsoids have been chosen so that the resistance be-
tween two consecutive equipotentials be 1/6 of R∞. We can deduce that when a current
is imposed through such a spot, the voltage drop is mostly concentrated near the contact.
From a distance of 20 times the radius of Ac, the resistance observed is already 96.8 % of
R∞.
The very famous Holm's Equation is found by considering two times R∞, that is
Rc =
1
2aσ
(A.31)
To conclude, is is important to keep in mind that this formula is valid if the contact
area can be seen from far enough. Holm's resistance is in fact reﬂecting a limitation to
the admitted current, if a potential drop is imposed between the constriction section and
another surface surrounding it. From far enough, it does not matter if the potential is
imposed on a semi-ellipsoid surface or on another surface, but this surface needs to close
the domain.
Appendix B
Résumé en Français
Un avion de ligne est statistiquement touché par la foudre une fois toutes les 1500 heures
de vol, soit environ une fois par an. La foudre peut représenter une menace pour les sys-
tèmes et l'intégrité des aéronefs, soit par le biais d'eﬀets indirects comme des interférences
électromagnétiques avec les systèmes électriques de l'avion, soit par ses eﬀets directs sur
les structures aéronautiques, telles que les contraintes thermo-mécaniques induites par le
passage de forts courants, .
Les eﬀets directs impliquent notamment pour les avionneurs tout un processus de
certiﬁcation des assemblages aéronautiques à la fois long et coûteux. Ceux-ci sont testés
expérimentalement sur des bancs d'essai, capables de reproduire des ondes de courant
normatives représentatives du risque foudre. Un enjeu majeur de l'unité FPA est de
proposer des modèles ayant le double objectif d'améliorer les connaissances fondamentales
sur la réaction des assemblages soumis à la foudre, mais aussi de guider les avionneurs
dans leur démarche de certiﬁcation.
Contacts soumis à de forts courants et risque de décharge
Les contacts mécaniques dans les assemblages aéronautiques se comportent comme des
résistances électriques au passage du courant, pouvant induire toute une phénoménologie
de décharges électriques encore mal comprises, et particulièrement contraignantes dans
les zones carburant. Ces résistances sont la conséquence de l'état de surface des pièces
en contact, le courant étant contraint de passer à travers des petits ponts conducteurs
microscopiques, appelés a-spots", comme représentés sur la Figure B.1. Il est observé en
pratique que ces résistances peuvent varier de plusieurs ordres de grandeur en quelques
micro-secondes pendant le passage d'un fort courant, mais ce phénomène est mal compris.
Ces variations rapides des résistances de contact à fort courants sont pourtant cru-
ciales car elles pilotent les distributions de courant dans les assemblages foudroyés, ainsi
que l'énergie dissipée par eﬀet Joule et l'amplitude des champs électriques pouvant être
atteints. Le but de la thèse est de développer une modélisation d'un tel contact et de sa
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Figure B.1: Résistance éléctrique de contact entre deux conducteurs
réaction au passage d'un courant de type foudre. La diﬃculté réside aussi bien dans la
modélisation géométrique de l'état de surface, que dans le fort couplage multi-physique
du problème : distribution du potentiel électrique, chauﬀage par eﬀet Joule, vaporisation
du métal conducteur, écrasement mécanique et formation de décharges plasma.
Plan du manuscrit
Le premier chapitre présente le contexte du problème. La physique de l'initiation de
la foudre et l'attachement du canal sur l'avion sont présentés brièvement. Les ondes
de courant normalisées, servant de majoration de l'eﬀet du passage de courants de type
foudre sur les diﬀérentes zones d'un aéronef, sont introduites, notamment l'onde D qui sera
le proﬁl de courant type utilisé dans les simulations numériques des chapitres suivants.
L'accent est mis sur le risque de décharges au niveau des assemblages aéronautiques soumis
à de forts courants. Ces phénomènes sont très bien observés sur des bancs expérimentaux
reproduisant les ondes de courant de foudre, mais sont encore mal compris. La dernière
partie de ce premier chapitre présente la terminologie et la bibliographie concernant les
contacts électriques, qui sont le c÷ur du sujet. Les limites des modèles existants justiﬁent
le besoin de développer un nouveau modèle multi-physique, aﬁn de répondre aux questions
soulevées par le comportement d'assemblages soumis à des courants de type foudre.
Dans le deuxième chapitre, le choix est fait de se concentrer sur un modèle de contact
à un seul a-spot. Le choix est fait de modéliser un tel a-spot par un canal de contact
cylindrique, entre deux conducteurs, par ailleurs séparés par un gap d'air supposé isolant.
Un modèle en volumes ﬁnis 2D axisymétrique est développé, prenant pour axe de symétrie
l'axe du cylindre. En électrostatique, imposer le potentiel aux bornes des conducteurs et
calculer le courant induit passant d'un conducteur à l'autre, par l'intermédiaire du a-
spot, permet de déduire la résistance électrique de ce contact. Un très bon accord est
trouvé entre les résultats de ces simulations et des valeurs analytiques obtenues dans
la littérature. On remarque également que le courant se concentre principalement en
périphérie du cylindre.
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Ce modèle en volumes ﬁnis est ensuite enrichi par des considérations thermiques : avec
l'eﬀet Joule induit par le passage du courant, le métal chauﬀe, sa conductivité diminuant
jusqu'à atteindre les points de fusion et de vaporisation. Le métal vaporisé est considéré
comme isolant dans ce modèle, ce qui correspond à supposer qu'il est immédiatement
évacué hors du contact. Puisque le courant est originellement concentré en périphérie
du a-spot, c'est en périphérie que le métal chauﬀe en premier. Par une redistribution du
courant due à la diminution de conductivité, cet eﬀet est homogénéisé, et la cylindre monte
presque uniformément en température jusqu'à atteindre le seuil de vaporisation. Dès cette
température atteinte, la vaporisation complète se fait rapidement, de la périphérie vers le
centre. Il y a donc un fort couplage thermo-électrique, une diminution de la conductivité
du cylindre puis une diminution de son rayon eﬀectif, ce qui conduit à une augmentation
de la résistance de ce contact.
Cette modélisation apporte des informations intéressantes concernant l'évolution pos-
sible d'un contact soumis à une onde D, mais est bien trop coûteuse en calcul pour
envisager l'étude d'un contact plus réaliste fait de milliers d'aspérités et de a-spots. Pour
cette raison, un modèle simpliﬁé a été développé, appelé modèle 0D", ayant comme
paramètres la hauteur l du cylindre et son rayon a, pouvant varier dans le temps, ainsi
que sa température T , supposée homogène, et les propriétés du métal correspondantes.
Les observations apportées par le modèle en volumes ﬁnis servent alors d'hypothèses pour
ce modèle simpliﬁé, aﬁn de calculer l'eﬀet Joule dissipé dans le a-spot et se répartition.
Cette simpliﬁcation permet de reproduire très ﬁdèlement les résultats observés avec le
modèles en volumes ﬁnis, mais avec un coût en calcul bien plus faible.
En outre la considération des aspects mécaniques, composante importance du prob-
lème, a pu être implémentée dans ce modèle 0D. En imposant une force d'écrasement sur
le contact, le cylindre doit être compressé jusqu'à ce que la force de réaction mécanique
soit opposée à la force imposée. Alors, la résistance initiale d'un contact diminue avec
la force, puisque la longueur du a-spot diminue et sa longueur augmente. Cette réac-
tion élasto-plastique se révèle encore plus importante lorsqu'elle est couplée à l'évolution
thermique du métal : plus il chauﬀe, plus il devient ductile, et plus le contact s'écrase.
L'augmentation de la résistance est donc largement freinée par ce phénomène lorsqu'une
force d'écrasement constante est imposée sur le contact pendant le passage d'une onde D.
En fait, le métal n'atteint plus sa température de vaporisation dans les cas observés, et
la résistance passe par un pic avant de décroître.
Le troisième chapitre est un chapitre de transition, qui a pour but d'élargir le champs
d'application du modèle précédent au cas d'un contact formés par de nombreux a-spots
en parallèle. Deux types d'interactions entre a-spots sont étudiés.
Le premier est une interaction électrique : lorsque des a-spots en parallèles sont suﬀ-
isamment proches, les lignes de courants ne se répartissent par entre eux de la même
manière que s'ils étaient suﬃsamment isolés. Pour une même diﬀérence de potentiel
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entre les bornes du contact, le courant le traversant est plus faible lorsque les a-spots
sont proches. De plus, la symétrie axiale est dans ce cas perdue en ce qui concerne la
distribution du courant dans chaque a-spot cylindrique. Le choix est alors fait, et justi-
ﬁé, de négliger cette interaction en supposant que les a-spots sont toujours suﬃsamment
éloignées les uns des autres pour pouvoir faire cette approximation.
Le deuxième type d'interaction est un eﬀet de groupe qui peut s'observer dans le com-
portement mécanique du contact. Si l'on impose une force d'écrasement, l'équilibre mé-
canique n'est plus assuré par un seul a-spot, mais la somme des réactions elasto-plastique
doit être opposée à l'écrasement. Alors, augmenter cette force permet d'atteindre des as-
pérités plus petites qui ne participaient pas au contact pour une force plus faible, et donc
d'augmenter le nombre de a-spots tout en diminuant la résistance globale du contact. De
façon similaire, maintenir une force constante pendant le passage d'une onde D permet
de faire apparaître de nouveaux a-spots lorsque les propriétés mécaniques de ceux qui
soutenaient initialement la force chutent.
Le quatrième chapitre utilise le modèle précédent, à fort couplage multiphysique et
adapté à un contact ayant de nombreuses aspérités, pour étudier le comportement de
contacts plus réalistes. Dans la réalité, en eﬀet, le nombre, la géométrie et la taille des
aspérités sont aléatoires. Des outils statistiques peuvent cependant être utilisés pour
caractériser l'état d'une surfaces, qui sont un résultat des matériaux concernés, de la
formation et de l'historique de cette surface. Les paramètres de rugosité, tels que la
moyenne de la variation de la hauteur d'une surface autour d'une hauteur moyenne, ou
l'écart type de ces variations, peuvent être mesurés par proﬁlométrie. Dans ce chapitre,
ces paramètres de surface ont été pris de la littérature ([40]) et utilisé pour générer des
distributions aléatoires d'aspérités. Ces aspérités sont toujours supposées cylindriques,
mais leur nombre est ﬁxé pour une unité de surface et leur hauteur suit une loi Gaussienne
dont la moyenne et l'écart type sont les deux paramètres.
La réaction d'un tel contact à une onde D est très proche de celle observée dans les
chapitres précédents. Sans force de serrage, le nombre de a-spots est ﬁxé, et ceux-ci
augmentent en température presque uniformément jusqu'à vaporisation. La résistance du
contact augmente, puis diverge lorsque la vaporisation devient totale. Avec une force de
serrage imposée constante, au contraire, la vaporisation ne se fait jamais. Dès que les
a-spots soutenant la force mécanique deviennent ductiles, ils sont écrasés jusqu'à ce que
de nouveaux a-spots se forment. La résistance augmente initialement par une baisse de
la conductivité des premiers a-spots, atteint un pic, puis diminue par eﬀet d'écrasement.
Puisque de nombreuses aspérités entrent en jeux, jusqu'à plusieurs milliers, ces vari-
ations de la résistance sont beaucoup plus lissés que dans le cas d'un contact formé par
deux aspérités. Alors, l'eﬀet des paramètres de rugosité est étudié. Il est montré en par-
ticulier que pour une même résistance initiale, un contact peut avoir un comportement
diﬀérent, bien que similaire, en fonction de son état de surface.
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Le dernier chapitre propose un modèle d'expansion du métal vaporisé en périphérie
d'un a-spot. Les contacts étudiés et soumis à une onde D le sont à distance de serrage
constante, et non à force de serrage constante, puisqu'il a été observé que dans ce cas le
métal ne vaporise jamais. L'accent a été mis sur le cas d'un modèle de contact à un seul
a-spot aﬁn d'exhiber la dynamique possible de redistribution du courant dans un canal
de plasma. L'hypothèse que ce plasma avait une conductivité négligeable avait été faite
dans les premiers chapitres, mais celui-ci permet d'avoir une approche plus réaliste.
La symétrie axiale est conservée, l'hypothèse étant faite que le métal vaporisé se
propage radialement. Il se détend en conservant l'équilibre avec une pression extérieure de
conﬁnement, sauf lorsque la propagation est limitée par la vitesse du son dans le plasma.
Les propriétés du plasma (conductivité électrique, vitesse du son, pression) sont calculées
grâce à un modèle QEOS, en fonction de l'énergie interne et de la densité. Un bilan
d'énergie interne est eﬀectué en prenant en compte l'énergie dissipée par eﬀet Joule, le
travail de la force de pression de conﬁnement, l'énergie cinétique du plasma, et le débit
de masse vaporisée par le a-spot solide.
Ce modèle permet d'observer une redistribution du courant du a-spot solide vers le
plasma. Les premiers instants de la simulation, tant qu'il n'y a aucune vaporisation, sont
strictement similaires à ceux observés au Chapitre 2 : le métal chauﬀe, sa conductivité
diminue et la résistance augmente. Cette fois en revanche, la résistance ne diverge plus
lorsque la vaporisation démarre. Elle continue d'augmenter tant que le a-spot n'est pas
complètement vaporisé, mais diminue ensuite fortement lorsque le courant passe intégrale-
ment par le plasma et que celui-ci chauﬀe et devient plus conducteur.
Un critère utile pour estimer l'importance d'une décharge, et le risque qu'elle représente
dans un assemblage aéronautique, est celui de l'énergie totale dissipée par eﬀet Joule dans
le plasma formé par vaporisation. Le modèle permet de calculer cette énergie, pour une
géométrie donnée d'un a-spot (cylindrique, et tel que sa longueur est égale à son diamètre),
et pour des résistances initiales du contact diﬀérentes. On pourrait s'attendre à ce que
l'énergie dissipée pendant le passage d'une onde D augmente lorsque la résistance initiale
augmente, mais le résultat n'est pas si trivial. Celle-ci passe par un maximum. En
eﬀet, pour une résistance initiale trop faible, il n'y a pas ou peu de vaporisation car le
a-spot est trop gros. A l'inverse, s'il est trop petit, il est vaporisé plus tôt, et puisque
la montée du plasma en température fait décroître la résistance du contact, l'ensemble
chauﬀe globalement moins sur la durée d'une onde D.
Conclusion
Unmodèle multiphysique de contacts électriques soumis à de forts courants à été développé.
Étant donnée la complexité du problème, de nombreuses hypothèses ont été faites, et
le modèle proposé peut être amélioré. Il a cependant permis de mettre en évidence
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des comportements possibles, attendus ou au contraire contre-intuitifs, et de répondre
à des questions posées par les observations expérimentales. De nombreuses questions
restent néanmoins en suspens, et ce travail aura notamment permis de déﬁnir les contours
d'expériences qui devraient être réalisées sur un banc expérimental pour conﬁrmer ou
inﬁrmer certaines interprétations de ce modèle.
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